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Many industrial waste disposal sites are characterized by the presence of complex

waste mixtures. The multi-component non-aqueous phase liquids (NAPLs) studied here are

complex mixtures of environmental concern, and represent industrial wastes such as

hydrocarbon fuels, cleaning solvents, and coal/oil tars. Estimation of solubility of organic

contaminants from such NAPL into aqueous solutions, and prediction of their partitioning

between aqueous and organic phases, are essential for characterizing NAPL contamination

at waste disposal sites. This information is also required for remediation ofNAPL source

areas using aggressive techniques, such as in-situ flushing with cosolvents and surfactants

to enhance NAPL solubility. The log-linear cosolvency model has been an effective tool to

estimate the aqueous solubility ofNAPL components with large molecular weights and low

solubilities, and to examine the magnitude of solubility enhancement for given solute-solvent

combination. Experimental data for solubilization of single- and multi-component NAPLs

xiv



in water and water-alcohol mixtures were collected for several NAPLs. These data were

used to evaluate NAPL-water partitioning and cosolvent-enhanced solubilization in

cosolvent mixtures. These data provide important information for simulating of aggressive

remediation by in situ cosolvent flushing.

The partitioning tracer technique has been recently developed as an effective

noninvasive technique for characterizing the amount and distribution of NAPLs in

contaminated soils and aquifers. In this study, various assumptions made in the use of this

tracer technique were evaluated. The partitioning of alcohol tracers was found to be non-

linear in higher relative aqueous concentration range and higher mole fraction in the NAPL.

This non-linear partitioning behavior can be predicted using the UNIFAC simulations. The

partitioning of alcohol tracers between NAPL and water may exhibit a cooperative behavior

in presence of other alcohols. Non-linear partitioning and co-tracer effects may have

significant impact on the estimation of residual NAPL saturation using the partitioning tracer

method if higher initial tracers concentration or mixed tracers are used.

Cosolvent flushing of coal tar-contaminated soils may alter the tar-water interface by

exposing new coal tar coatings, or unmasking soil mineral surfaces that had been coated with

tar. An increase in the retardation of alcohol tracers and benzene, and sorption of an ionic

organic acid (PFBA) have been found for the methanol-washed coal tar soils. These changes

in tracer partitioning behavior as a result of cosolvent flushing have important implications

for assessing the extent of soil cleanup based on the partitioning tracer techniques.



CHAPTER 1

INTRODUCTION

Intentional or accidental release ofvarious non-aqueous phase liquids (NAPLs) to the

subsurface has resulted in unacceptable health risks based on potential exposure to

contaminated soils, sediments and groundwater. The sources of contamination are varied,

from simple, single-component NAPL (e.g., chlorinated solvents) to complex, multi-

component NAPL mixtures (e.g., gasoline, jet fuel, coal tar, etc.). Constituents of these

NAPLs that are of environmental concern, due to their potential carcinogenic nature (Guerin

et al., 1978), include: monoaromatic hydrocarbons (MAHs), polycyclic aromatic

hydrocarbons (PAHs) and chlorinated aliphatic/aromatic components. Several of these

compounds are included in the U.S. EPA list of priority pollutants.

Processes controlling the disposition of the NAPLs in the subsurface include:

mobilization, dissolution, phase partitioning, transport, and transformations. The

mobilization of the NAPLs in porous media is governed by viscous and capillary forces

(Schwille, 1988). Once the bulk fluid phase free NAPL stops migrating either upward or

downward through the vadose and saturated zones, globules of residual NAPL trapped by

capillary forces are left behind. Removal of the trapped residual NAPLs is dependent on the

dissolution process in the soil and ground water systems. For vapor-phase transport in the

vadose zone, NAPL-water-gas partitioning needs to be evaluated. Solubility and the
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partitioning of the NAPL or NAPL components in the aqueous phase are the primary factors

that determine the NAPL dissolution process. For multi-component complex NAPL

mixtures, the solubility and partitioning behavior are also governed primarily by the

composition of the mixtures.

Solubility and partitioning of organic components

Aqueous solubility of an organic compound is commonly defined as the abundance

of the chemical per unit volume in the aqueous phase when the solution is in equilibrium

with the pure compound in its actual aggregation state (gas, liquid, solid) at a specified

temperature and pressure (e. g., 25°C, 1 atm)(Schwarzenbach, et al., 1992). Generally, the

concentration of a saturated aqueous solution of the chemical is the chemical solubility.

Solubility of organic chemicals can be modified by the presence of other organic molecules

in water. When other organic molecules are present in relatively large abundance (more

than 10% by volume), they act as solvent molecules themselves and partially surround the

solute of interest approximately in proportion to their volume fraction in the solution

(Yalkowsky and Roseman, 1981). For predicting organic chemical chemodynamics, the

cosolvent effects on the solubility of organic compounds are of primary interest. The log-

linear cosolvency model is one of several theoretical approaches that has been used to

examine cosolvent effects on the solubility (Yalkowsky, 1985, 1987) and sorption (Rao et

al., 1985). An extensive amount of data has shown that in mixed solvents, solubility of

hydrophobic organic compounds (HOCs) increases and the sorption decreases in a log-linear

manner as the volume fraction of the organic cosolvent increases (Rao et al ., 1985; Nkedi-
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Kizza et al., 1985; 1987; Rubino and Yalkowsky, 1985; 1987a, 1987b, 1987c). The log-

linear models for solubility and partitioning in binary solvent systems are defined as follows:

log Sm = log Sw + Po/c (i-i)

and

log Km = log Kw
- oaP/

c (1-2)

where S is the component solubility (mg/L), and K is the component partition coefficient ;o

is defined a = log [S
c
/Sw ], the subscripts c, w and m designating neat cosolvent, water and

mixed solvent, respectively; and a and P are empirical coefficients that accounts for water-

cosolvent and cosolvent-sorbent interactions. For a mixture of water and several cosolvents,

assuming that the cosolvent effects are additive, the log-linear cosolvency model is extended

as follows:

logSm =logSw + S p.o./
c (1-3)

where the subscript j=l,2,...n designates the values for the j

th
cosolvent, and n is the number

of cosolvents in the mixture. With these log-linear relationships the aqueous solubility and

partition coefficient of more hydrophobic components, which are often difficult to directly

measure, can be estimated by log-linear extrapolation. The slope of log-linear relationship

between solubility (S) of organic compounds and the volume fraction of organic solvents (f
c)

yields the cosolvency power (o), which serves as an index of the cosolvent's ability to

enhance solubility.



At waste disposal sites, mixture of organic chemicals are present both as components

of NAPLs and sorbed on to the solid matrix. The dissolution and desorption of organic

compounds from an organic mixture may differ from the solubility of a pure organic

compound. First, it is possible that the organic chemical of concern does not form an ideal

solution in the liquid organic mixture. The more dissimilar (shape, size, polarity) the

chemical is from the average nature ofthe organic mixture, the greater will be this nonideality.

Second, the dissolution accounts for the dilution of the compound of interest by the other

substances of the organic mixture, since organic mixtures are often made of numerous and

unidentified compounds.

Under the assumption of ideal behavior of organic compounds in the organic

mixture, the equilibrium partition of a compound between water and an organic mixture can

be predicted by Raoult's law:

where Cw j

is aqueous concentration (mol/L) ofcomponent i, Sw i
is aqueous solubility of pure

liquid chemical (mol/L) ofcomponent i, and X", is mole fraction ofcomponent i in the organic

liquid. The aqueous concentration, Cw ,, can be estimated in mg/L using measurable

parameters in commonly reported concentrations units by:

C . = X° S
Ml, l I 1W,l

(1-4)

Cw .
= (M

i

)(MWm ,x
)(Sw

)(10-3
) (1-5)

where, M, is the concentration (mg/kg) of organic compound of interest (i) in the NAPL

mixture, MWmiI is the average molecular weight (g/mole) of the NAPL mixture. For



chemicals crystalline in their pure form at standard state, super-cooled liquid solubilities, SJC„

are used for Sw.

Under ideal conditions, solute concentration in the aqueous phase (CW (
) follows

Raoult's law (Banerjee, 1984) and is proportional to the mole fraction of solute in the organic

phase. Thus K can be stated as (Cline et al., 1991):

C . (p IMW)
K = ^ °-

(1-6)
p X s . s

K
'

where MW0 and pD are the average molecular weight and density of the organic phase,

respectively. An inverse relationship between K and Swl is expected from equation (1-6),

and a plot of log K
,
versus log Sw ,

will have a unit slope and the intercept will vary with the

density and the average molecular weight of the organic phase (Cline et al., 1991; Lee et al.,

1992b).

Excellent log-log, linear relationships have been reported between Koc , the partition

coefficient normalized by the fraction of organic carbon (OC) of the sorbent, and K
olv , the

octanol-water partition coefficient for several hydrophobic organic compounds. (Karickoff,

et al., 1979, Karickoff, 1981, Kenega and Goring, 1980, Rao et al., 1985). K„
c
values have

been used for comparing partitioning relationships between different soils. With varying

amounts of organic carbon. Koc is determined from Kw using :

J oc
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As indicated in this equation, any factors that affect K,
v
measurement may affect the K

oc

values, which include: (1) linearity of the sorption isotherm; (2) solids-to-solution ratio; (3)

temperature; and (4) presence of other organic chemicals.

Several correlations between log Koc and log Kow have been reported in the literature

(Hassett and Banwart, 1981; Karickoff, 1981, Gerstl, 1990, Schwarzenbach and Westall,

1981). Examples are as follow:

log K
oc

= 0.989 log Km ,

- 0.346 (PAHs, r
2 = 0.997) (Karickhoff, 1981) (1-8)

log K
oc

= 0J2\ogKow + 0.49 (methylated, halogenatedbenzenes, r
2

= 0.95) „
^

(Schwarzenbach A Westall, 1981)

However, correlations such as equation(l-8) did not give accurate predictions of partition of

PAHs in soils at MGP sites ( EPRI, 1992). The reasons for such a discrepancy include: (1)

The soils used to develop such correlations are typically freshly spiked with the compound

of interest, and compounds that have aged in soils for many years often behave differently

than compounds freshly spiked onto soil (Sawheny et al., 1988); (2) Small residual amount

ofNAPL contaminants on the soil may be present either as fine coatings on soil particles or

trapped in the interstices of soil particles; (3) Hysteresis between adsorption and desorption

isotherms could cause desorption values of Koc (obtained from contaminated soil) different

from the adsorption values of K„
6
(from clean soil and sediment).



The partitioning of organic chemicals from water to an organic (nonpolar) phase

depends on the properties of the compounds and the system involved. The octanol-water

system has been widely accepted as a reference in comparing the ability of a molecule to

partition into defined solvent-water mixtures, because the partition coefficients from this

system appears to be best correlated empirically with biological activity(Hansch, 1969,

Hansch and Dunn, 1972; Hansch and Leo, 1979). Other environmental partition processes

of organic solutes have also been evaluated with respect to octanol-water partition

coefficients (Chiou and Block, 1986). Recently, coal tar/water partition coefficients (K,H )

were shown to be linearly correlated to octanol-water partition coefficient (Kow). The

statistical best-fit relationship is as follow (Lane and Loehr, 1992):

log^ = 1.131og^ + 0.33 (1-16)

where K
IM , is coal tar/water partitioning coefficient. Comparison of the partition behavior in

liquid tar contrasted to partitioning from coal tar contaminated soil still needs to be

investigated. Coal tar and coal tar components may interact with soil organic matter through

physical and chemical processes occurring over long time periods (often decades), and thus

alter the tar component partitioning behavior.

Cosolvent flushing for NAPL contaminated soils

Clean up of sites contaminated with NAPL or complex NAPL mixtures is a

challenge for the environmental scientists and engineers. Many remediation techniques have

been developed and tested at laboratory and field scales (NRC, 1994, 1997).. Cosolvent
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flushing is among the emerging technologies (Rao et al., 1997; Sillan et al, 1997 and Jawitz

et al., 1997). Cosolvent addition significantly enhances solute solubility as indicated by log-

linear cosolvency model, and reduces the interfacial tension (IFT) between NAPL and

aqueous or solid phase. IFT measurements for PCE/methanol-/water system (Imhoff et al,

1995) have demonstrated a significant decrease in IFT with increasing methanol/water

fraction. By reduction of the interfacial tension between NAPL and the aqueous phase, the

residual NAPL can be mobilized and previously trapped NAPL globules can be displaced

through pore constrictions. Cosolvent enhances desorption and results in a concomitant

reduction in retardation. Therefore, high NAPL removal efficiency is achieved by cosolvent

flushing.

Augustijin (1994) has developed several models to simulate the effect of cosolvent

flushing on removal of contaminated soils. Among them is the one-dimensional transport

model based on the bicontinuum approach and sorption nonequilibrium. This model has

been used successfully to simulate the cosolvent flushing of single-component contaminated

soil column with a binary cosolvent solution (Augustijn et al, 1994). With some

modifications made by Jawitz (1997), this model has been used here to simulate solvent

flushing of multi-component NAPL in NAPL contaminated soil for field in-situ cosolvent

flushing with binary and ternary solvent.

Partitioning tracers for prediction ofNAPL residual saturation

To effectively remediate a contaminated site with any clean up technique, it is

important to find the NAPL source and define the spatial distribution of the contaminates.



Recently developed partitioning and interfacial tracers methods have been an effective

technique for characterization of NAPL contaminated soils and aquifers (Jin et al., 1995;

Wilson and Mackay, 1995; Annable et al., 1995, 1997a) and for assessing the effectiveness

and efficiency ofcosolvent flushing for remediation ofNAPL contaminated aquifer (Annable

et al., 1995). There are many important details to consider to successfully apply partition

tracer technology to the estimation of NAPLs in the subsurface environment.

Two of the major assumptions for partitioning tracer technique are that the

tracer/NAPL partitioning should be linear over the range of the trace concentration, and that

adsorption of each tracer on the mineral surfaces of the soil should be negligibly small.

Tracer partitioning at liquid-phase mole fraction concentration lower than 0.01 is typically

considered dilute in the chemical engineering field, or alternatively, phase equilibrium can

be represented by a linear relationship (Henry's law) in this concentration range. As the mole

fraction of a tracer increases, its activity coefficient decreases, which indicates that

partitioning may be nonlinear. Wise (1997) have simulated the tracer partitioning between

NAPL and water using the UNIFAC model. Nonlinear behavior was evident for tracer

liquid-phase concentration above 0. 1 mole fraction or tracer mole fraction in NAPL above

0.01. In addition, the tracer partition linearity was also a function of the presence of other

tracers. Wise (1997) found that for alcohol tracer partitioning between NAPL/water phases,

the nonlinearity and nonideality became less significant as concentration of other alcohols

tracers increased in the NAPL phase. Here, I will present experimental assessment of these

UNIFAC predictions.

Activity coefficient of the solute in the organic phase characterizes the nonideality
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and nonlinearity of a compound in most of cases. A number of computational schemes are

available to estimate various activity coefficients such that liquid-liquid partitioning for

nonideal mixtures can be evaluated. Functional group methods such as UNIFAC provide an

enormous flexibility and have been proven to be a fast and reliable tool for predicting liquid-

phase activity coefficients. The UNIFAC model has been used to describe many

environmentally important properties (Munz and Roberts, 1986, Lee et al, 1992b, Wise,

1997); among these are partition coefficient, water solubility and Henry's constant.

Tracer adsorption on the sand is assumed to be negligibly small compared to the very

large retardation due to the residual NAPL saturation. However, for very low residual NAPL

saturations (e.g., post-remediation) adsorption of some tracers on soils (especially, the native

soil organic matter) may be significant. In addition, if soils have complex mineral

background, the partitioning behavior of the tracers may also be altered. For the sorption of

organic contaminants by soils containing residual petroleum, Boyd and Sun (1990)

hypothesized that the soils may be treated as a three-component system consisting of (1) an

inert mineral phase, (2) a sorptive natural soil organic matter phase, and (3) a highly sorptive

residual petroleum phase. For accurate prediction of soil-water distribution coefficients in

such contaminated soils and sediments, the oil components, along with the natural organic

matter component must be measured and accounted for individually (Boyd and Sun, 1990)

Selective removal of organic components from complex NAPL mixtures during

cosolvent flushing may alter the residual NAPL composition, thus, the partitioning behavior

of the tracers in post-remediated soil may change. Removing NAPL coatings and exposing

the new inorganic or organic components, may have significant effect on the tracer



11

partitioning behavior, especially for post remediated soils. Therefore, it is important to

consider these factors in using partition tracer techniques for evaluating the performance of

in-situ flushing techniques.

Dissertation themes :

The focus of my dissertation research work was on understanding the aqueous

solubility organic components from environmentally relevant, complex NAPL mixtures. The

liquid-liquid partitioning behavior ofthese organic components between the NAPL and water

was investigated. These results were compared with Raoult's law prediction and published

data, and discussed in Chapter 2. Cosolvent flushing was evaluated to clean up soils

contaminated with complex NAPL mixtures. Both binary solvent (ethanol/water) and ternary

solvent (ethanol/pentanol/water) mixtures were used in the study. Effectiveness of the binary

and ternary solvent in remediation was evaluated and compared. A solvent flushing model

was used to simulate the column effluent profiles, and the model predicted concentration

profiles were compared with experimental data (Chapter 3).

To effectively remediate a contaminated site, it is important to characterize the NAPL

content and distribution. Partitioning tracer techniques have provided such a tool to quantify

the NAPL residual saturation in contaminated soils. However, several factors have to be

considered in interpreting the tracer data (Chapter 4), these included: (1) linearity of the tracer

on the partition was investigated when high tracer initial concentrations were applied or

other components were present; (2) the impact of changing in NAPL composition and the

partitioning coefficients for remediated soils on estimation of the NAPL recovery and
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flushing efficiency; (3) some special cases of tracer partitioning on post-alcohol solvent

flushing for contaminated soils were discussed and the mineral and organic background of

the soils were investigated. A synthesis of these finding and suggestions for further work are

presented in Chapter 5. Finally, several appendices are included to document some of the

data or methods.



CHAPTER 2

AQUEOUS SOLUBILITY AND NAPL-WATER PARTITIONING

Introduction

Solubility is a major factor governing the fate and transport of non-aqueous phase

liquids (NAPLs ) in geologic media. Such media of environmental interest include soils,

sediments, and aquifers. Estimation of solubility of organic contaminants from NAPL into

aqueous solutions, and estimation of their partitioning between aqueous and organic phases

are essential for predicting the release of organic contaminants from NAPLs in the subsurface

environment. This is also important for two distinct scenarios: (1) characterizing

contamination resulting from NAPLs at waste disposal sites; and (2) remediation ofNAPL

source area by aggressive techniques such as in-situ flushing. In the first case, predicting

solubility in aqueous solution is necessary for defining the source loading function that

controls the characteristics of the dissolved contaminant plume. Aggressive remediation by

in situ flushing usually involves addition of cosolvents and surfactants to enhance NAPL

solubility. Thus, the effects of these solubility modifiers must be measured, and the

13
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observations matched with predictions based on either empirical or theoretical models. In this

chapter, issues related to measuring NAPL component solubility in aqueous and mixed

solvent systems is examined. The organic solutes of interest are components of non-aqueous

phase liquids (NAPLs), either single-component liquids or complex solute mixtures.

The addition of polar organic solvents that are completely miscible or highly soluble

in water (e.g., methanol, ethanol and butanol) to a NAPL-water system results in an increased

concentration of the organic constituents of the NAPL in the aqueous-rich phase. The

magnitude ofsuch a solubility enhancement depends on the solute-solvent and solvent-solvent

combinations. Greater hydrophobicity of the solute and the cosolvent results in larger

enhancement ofNAPL component solubility in the solvent mixture. Rao et. al (1 985) applied

the log-linear cosolvency theory, adopted from the pharmaceutical literature (Yalkowsky and

Roseman, 1981), to predict the inverse relationship observed between the logarithm of

solubility and the volume fraction of cosolvent. This relationship allowed estimation of

solubility or NAPL-water partition coefficients for organic compounds with extremely low

aqueous solubility for which direct experimental measurement is fraught with difficulties

associated with a spectrum of experimental artifacts.

The slope of a log-linear relationship between solubility (S) of organic compounds

and the volume fraction of organic solvents (f
c) yields the cosolvency power (o), which serves

as an index of the cosolvent's ability to enhance solubility. Many researchers have developed

and emphasized the basic theory for cosolvent enhancement of the solubility of hydrophobic

organic compounds (Rao et al., 1990; Pinal et al., 1990; Yalkowsky and Roseman, 1981;

Yalkowsky, 1987; Morris et al., 1988; Nkedi-Kizza, et al, 1985). The log-linear cosolvency
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model has been used to estimate the solubility and partition coefficients of hydrophobic

compounds or components from complex NAPL mixtures (e.g., gasoline, diesel fuel and coal

tar) (Cline et al., 1991; Lee et al., 1992a; Lee et, al 1992b).

The research summarized in this chapter focuses on the following primary tasks:

1 . Estimate the aqueous solubility of single-component NAPLs and aqueous solubility

of specific (target) components in complex NAPL mixtures using the log-linear

cosolvency theory;

2. Evaluate the ability of organic cosolvents to enhance the solubility ofNAPL

components, and estimate the appropriate cosolvency powers;

3. Examine the partitioning behavior of target components ofNAPL mixtures in

NAPL/water or contaminated soil /water systems; and

4. Evaluate whether the solubility/partitioning behavior of target components in

complex NAPL mixture and contaminated soils can be approximated using the theory

of ideal mixtures (Raoult's Law).

Solubility and partitioning were examined in batch equilibration experiments

involving binary and ternary solvent mixtures used to solubilize components of single- and

multi-component NAPLs. Solubility under dynamic flow conditions in packed columns is

discussed in Chapter 3.
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Materials and Methods

Solutes and NAPLs

Two types of multi-component complex NAPLs were examined in this study: (1) a

mixture ofjet fuel and chlorinated solvents, collected at a contaminated site at Hill AFB,

UT; and (2) Coal tar contaminated soils collected at several former MGP sites. The chemical

and physical properties of the solutes (or target analytes) evaluated in this study are listed in

Tables 2-1 and 2-2. The solutes listed in Table 2-1 are also major components of the Hill

AFB NAPL and the NAPL-contaminated soil collected from the field site. The complex

NAPL used in this study was a mixture of JP-4 jet fuel and degreasing solvents found at a

chemical disposal site on Hill AFB, Utah; at this site, the University of Florida group

conducted an in situ flushing study using cosolvents (Rao et al., 1997) and a second study

with surfactants (Jawitz et al., 1997). The multiple waste disposal practices at this site over

an extended period (1940-1970) caused an extensive NAPL plume in groundwater. The

target components selected for this study represent various chemical classes and mass

fractions in the NAPL. These compounds will be referred to as the 'target components" for

NAPL and NAPL contaminated soil.

The major polyaromatic hydrocarbons (PAHs ) found in coal tar and coal tar

contaminated soils are listed in Table 2-2. Coal tar-contaminated soils were provided by

Electric Power Research Institute (EPRI) and the Gas Research Institute (GRI), and were

collected at former manufactured gas plant (MGP) sites. A broad range of organic

contaminants, including primarily polycyclic aromatic hydrocarbons (PAHs) and

monocyclic aromatic hydrocarbons (MAHs), are of concern at MGP sites (Guerin et al.,

1978). The contaminated soils evaluated and their physical properties are listed in Table 2-3.
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Table 2-1 . List of physical-chemical properties of selected target components

l/~< JCompound
2 MW

Density

(g/ml)

Boiling

point

(°C)

'log

"Solubility

(mg/L, at

20°C)

Tetrachloroethylene 165.16 1.623 121.4 2.53 240

m-Xylene 106.16 0.864 139 3.20 175

p-Xylene 106.17 0.86 138.4 3.09 198*

o-Xylene 106.17 0.88 144.4 3.09 175

1 ,2-Dichlorobenzene 147.01 1.305 179 3.38 100(154
c

)

1 ,2,4-Trichlorobenzene 181.46 1.574 213 4.1 19 (49 0

1 ,3,5-Trimethylbenzene 120.19 0.865 164.7 3.55 98
c

1 ,2,4-Trimethylbenzene 120.19 0.88 169 3.55 57

Naphthalene 128.16 1.152 217.9 3.59 20

n-decane 142.28 0.73 173/174 6.00 0.009

n-undecane 156.31 0.7402 196 NA NA

n-tridecane 184.37 0.755 225.5 NA 0.013**

"Verscheren (1983);
A
Abernethy et al., (1988); Thiou and Block (1986).

'All compounds were purchased from Aldrich Chemical Co. and used as received.
2
Molecular weight

* at25"C

NA: not available.
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Table 2-2. Physical and chemical properties for selected PAHs found in several coal tar

samples collected at former Manufactured Gas Plant sites (Adopted from Lee

etal., 1992b)

mp° MW" S *
log S

J
log Kow

compound I <~) ^g/moie; fmrr/T ~\(mg/Lj

naphthalene 80.2 128.2 32 -3.05 3.37

1 -methylnaphthalene -22 142.2 27 -3.72. 4.00

2-methylnaphthalene 34 142.2 26 -3.62 4.00

acenapthylene 82 152.2 3.93 -4.02 4.07

acenapthene 93 154.2 3.42 -3.98 3.92

fluorene 116.5 166.2 1.9 -4.03 4.18

phenanthrene 100 178.2 1.0 -4.5 4.46

anthracene 216.3 178.2 0.07 -4.49 4.45

fluoranthene 107 202 0.27 -5.19 5.33

pyrene 150 202 0.16 -4.85 5.18

chrysene 254 228.2 0.006 -5.29 5.61

benz(a)anthracene 156 228.2 0.0057 -6.29 5.61

benzo(a)pyrene 179 252 0.0038 -6.28 5.98

"Verschueren (1983). *Crystal solubility at 25 "C (Little, ), unless stated otherwise.

'Miller et al., (1985). ^Supercooled liquid solubility calculated by assuming a constant AS
y

for PAHs (Lee etal., 1992b).

*A11 compounds were purchased from Aldrich Chemical Co. at >98% purity

except for acenaphthene, which was available only at 85% purity.
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Table 2-3. Selected physical and chemical properties for the contaminated soils

investigated.

Soil ID Texture Water Content

as reseived

(%)(wet basis)

Total Organic

Carbon Content

(%)

Total PAHs
(mg/kg soil

)

OU-1 Sand 16 2.54 *SN = 0.067

UT586 Sand 10 0.62 320

UT690 Sand 12 2.7 3,472

Waterloo very fine

sand

34 9.3 17,600

* residual NAPL saturation, estimated by partitioning tracers method (Annable et al..

1995).

SN = QN /0W + QN , where 0^ is volumetric NAPL content and 0H is volumetric water

content
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Solvent selection

Ethanol (absolute, 200 proof) from AAPER Alcohol and Chemical Co, and reagent-

grade pentanol from Fisher Scientific Co., were selected as the two main alcohols for this

study. NAPL solubility enhancement was examined in both binary solvents (ethanol-water

or methanol-water), and in ternary solvent mixtures (ethanol-pentanol-water). These two

solvents were also used in the field test cell for in-situ cosolvent flushing remediation at Hill

AFB, UT (Rao et al., 1997). Lab experiments were conducted using both the binary and

ternary solvent mixtures. Reagent-grade methylene chloride from Fisher Scientific Co. was

also used in combination with or without ethanol to make standard solutions, to completely

dissolve the NAPLs (including coal tar), or to extract the maximum amount of target analytes

from the tar-contaminated soils. Deionized and distilled water (DDI water) and Optima-

grade water (Fisher Sci. Co.) were used in all solubility experiments.

Preparation of organic solvent solution

Binary solvent mixtures of ethanol and water were prepared as follows: 0, 10, 20,

30, 40, 50, 60,70, 80, and 90 ml of ethanol were mixed with 100, 90, 80,70,60,50,40, 30, 20,

and 10 ml of water, respectively. For ternary mixtures of ethanol/pentanol/water, 2, 4, 6 ,8,

10, 12, 15, 20, and 25 ml of pentanol and 28, 26, 24, 22, 20, 18, 15, 10, and 5 ml of water

were added to 70 ml of ethanol. The volumes of cosolvent and water were measured

separately and combined so that the volume fraction of cosolvent would not change if

volume shrinkage occurred upon mixing. Each solvent mixture was stored in a glass bottle

with a Teflon lined cap.
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NAPL solubilization

Exact amounts of single- or multi-component ofNAPL (0.25xx g) were weighed into

5-ml HPLC vials, and 4.5 ml of cosolvent mixture were transferred to the vials for a

NAPL/solvent ratio of 1:18. The vials were then capped with Teflon-lined caps. Exact

amounts ofNAPL contaminated soil (4.5xxxg of moist soil) were weighed into 5-ml HPLC

vials, and 1.5 ml of cosolvent mix solution were transferred to the vials; the soil/solution

ratio used was 1 :3, based on moist soil, or 1 :2, based on oven dry soil. All measurements

were triplicated. These solutions were then equilibrated on a rotator for 24 hours at room

temperature (23 ±2 °C) and were centrifuged at 3000 rpm for 25 minutes (DuPont, Sorvall

RT6000 Centrifuge). In all cases, a small excess of NAPL was present at the end of

equilibration period. A 2-ml aliquot of the supernatant was removed and placed in 2-ml GC

vials with minimal head space, and analyzed by GC-FID. For supernatant with high

concentration (beyond concentration of the highest standard), appropriate dilutions were

made with appropriate cosolvent mixtures.

Exact amounts of NAPL or NAPL contaminated soil were weighed into 5-ml HPLC

vials, and a known volume of 50/50 (v/v) ethanol/methylene chloride solution was added.

The NAPLs dissolved completely in this solvent mixture. From the constituent

concentrations measured by this method, the total mass (S„) of the target components in the

NAPL mixture was estimated.

Chromatographic analysis

Analysis ofNAPL target components A set of standard solutions for target analytes

was made from pure chemicals purchased from different suppliers. Their chemical names,
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chemical and physical properties, and sources are listed in Table 2-1. Exact amounts of

chemicals were weighed into volumetric flasks with methanol/methylene chloride (50/50

v/v) solvent, and diluted sequentially to cover the range of concentrations up to the NAPL

solute solubility. Standards were run on the GC-FID with each set of samples.

Target analytes present in the NAPL and NAPL contaminated soil were analyzed by

GC/ FID; using a Shimadzu GC-17A Gas Chromatogram with a (30-m long , 0.53 mm ID,

and 3 um film thickness) DB-624 capillary column. The chromatography conditions were

as follows: Injector temperature: 220 °C; Detector temperature: 240 °C; Oven Initial

temperature: 50 °C, held for two minutes, 50 to 180, ramp at 10 °C /min, 180 to 235, ramp

at 20 °C/min, held for 15 minutes. Helium was used as the carrier, set at a pressure of 35-40

kpsi. For analysis of some single-component NAPLs, the runn time was shortened by

changing the final holding time to 5 minutes. Each batch of GC-FID analysis included the

analysis of five standards of known concentration at beginning of the run, followed by

samples of unknown concentration. The standards were also analyzed intermittently during

the run.

Each target component in the NAPL mixture was previously identified by GC-MS,

and was matched to the component chromatogram of the standard in the GC-FID analysis.

In the standard, /^-xylene and m-xylene peaks were overlapped, the 1,3,5-trimethylbenzene

and decane peaks did not have baseline separation, but the other solutes had well-resolved,

baseline-separated peaks. The concentration of a target analyte in the solution was based on

the area determined in the chromatographic analysis by using the standard calibration curve.
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Analysis of PAHs Standards of 16 PAH mixtures in methylene chloride were

purchased from Ultra Scientific (US- 106). 1 -methylnaphthalene and 2-methylnaphthalene

were added into the standard through serial dilution. Standards of 1 8 PAH mixtures, with

each component concentration ranging from 0.2 to 200 mg/L, were used in quantitative

analysis of the supernatant from coal tar contaminated soils.

PAH concentration in the supernatant was determined by using the Shimadzu 14A

gas chromatogram (GC) system, equipped with a FID detector and a J&W DB-5 column (30

m x 0.32 mm i.d. 0.5-um film thickness). Helium was used as a carrier gas at a pressure of

2 kg/cm2
(at 50 °C), and a flow rate of approximately 1.0 ml/min. Both injector and FID

detector temperatures were set at 295 °C. The oven temperature program consisted of an

initial temperature of 50 °C, held for one minute; a ramp to 130 °C at 30 °C/min., held for

three mins; a ramp to 180 °C at 12 °C/min., held for one minute; a ramp to 240 °C at 7

°C/min.; and a ramp to 300 °C at 12 °C/min., followed by 8 minutes holding.

Data analysis

The solubility ofa solute was directly measured by GC-FID analysis or corrected with

appropriate dilution factor. For a solute in contaminated soils, the volume of the solvents

and the component concentrations were corrected for by the soil water content. All the

fractions of the organic solvents were corrected for the soil water content. The solute

partition coefficient was estimated by using a mass balance method. An example of the mass

balance and partitioning equations follows:



SM = SM + Cw V
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(2-1)

then,

(2-2)

where S0M is the initial mass of the components in the NAPL or on the contaminated soil

used. On the right hand side of the equation, S
e
M is the mass of the components in the

NAPL or in the soil; and CM , V is the mass of components in the aqueous phases at the

equilibrium. M is the mass ofNAPL or soil, while V is the volume of the water or cosolvent

. As shown in equation 2-1, Cw values are dependent on both the V/M ratio (the volume of

liquid in contact with NAPL or soil) and Su (the initial component loading in the NAPL or

the soil). In order to insure adequate mixing and to meet laboratory handling requirements,

V/M ratios used in this research were much higher than those, typical for field conditions.

The partitioning coefficient (K
/;
) between the NAPL or soil and cosolvent liquid

phases for the batch experiments can be defined as:

A"
p

V_

M (2-3)

where K
p

is the partition coefficient between the NAPL or soil and cosolvent (water), Cw is

the equilibrium concentration of the compound in the solution, and S
e

is the equilibrium

concentration of the compound in the NAPL soil.
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The aqueous solubility of target components or the target components NAPL /water

partition coefficients were estimated using log-linear cosovlency models as described below.

By plotting log measured solubility, or partitioning versus volume fraction of organic solvent,

a log-linear relationship is expected:

logS, = log 5, + S po/
e (2-4)

\ogKm - log - S aPo/
c (2-5)

where o is a cosolvency power defined previously in Chapter 1; a and P are empirical

coefficients that account for sorbent-solute interactions and water-cosolvent interactions,

respectively; S and AT are the solubility and the partition coefficient of target components with

the subscripts w and m designating water and mixed solvent, respectively; fe is the volume

fraction of organic solvents.

When comparing partition relationships between different soils, Koc values were used,

is the partition coefficient normalized to the fraction of organic carbon present in the soil

(foc). The purpose ofKoc is to compare partitioning behavior in different soils with varying

organic carbon content. Koc is determined from Kw using :

Kc'-K'foc (2-6)

Kw is the partition coefficient between the soil and water.

Note that for NAPL (or soil) equilibration with a binary solvent, we have (combining

Eqs. 2-1,2-2, 2-3, and 2-5):

S
o
M = {K

p
M * V) C

e (2-7)
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S
0C =

, for aqueous solutions (2-8)e
(K

p
+ VIM)

S
oC = , for binary cosolvent mixtures (2-9\

{V/M + K \O
a * af

<)

1
'

where Ce is the equilibrium solute concentration in water or cosolvent mixture, and the

cosolvency parameters: a, P, and a are as defined in Eq (2-5). Also, note that the maximum

solution phase concentration is given by:

S M
C - —— (2-10)

<?,max y v '

where all of the NAPL component dissolves completely in the solution phase. Finally, at f
c

= 0 (aqueous solution),

C,j - X
i Csou (2-H)

where C vo/ ,
is the aqueous solubility limit for "pure" component, X

(
is the mole fraction in

NAPL of the i-th component, and Cw i
is aqeous concentration of the i-th component, (see

chapter 1 for further details). When V/M « K
p ,
C

e
- SG /Kp , or for mixed solvents:

C = (S
o ) (10

aP<
) (2-12)

or

log C
e

= log S
0

+ apa/
c (2-13)
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Solubility in binary solvents

Solubility of single-component NAPLs Measured and log-linear extrapolated

aqueous solubilities of analytes in single-component NAPL are summarized in Table 2-4.

Also shown are the literature-reported aqueous solubility for these analytes. Some examples

of solubility plots are shown in Figure 2-1 (The rest are in Appendix A). As expected, the

analytes' solubility increases log-linearly with the increasing fraction of cosolvent.

In most cases, plots of log (SJ versus fc yielded a straight line for ethanol fraction

ranging from 0 to 0.8. Thus, mutual miscibility was not significant for fc < 0.8. All alkanes

showed higher measured aqueous solubility at low cosolvent (<0.3 fc of ethanol); the plots

were linear only from f
c .

range of 0.3 to 0.8. The log-linear extrapolated aqueous solubilities

and the cosolvency power (slope) were based only on of the linear part of the plots.

Solubility of analytes from NAPL mixtures Target analyte solubilities in cosolvents,

measured using the OU-1 NAPL mixture, are summarized in Appendix A. Examples of the

log (SJ versus f
c
for the NAPL mixture, shown in Figure 2-2, were linear for the range 0 to

0.7. Above 0.7 fc, the plots tended to level off, especially for those analytes with higher

aqueous solubility or lower mass or mole fraction in the NAPL. Similar trends were found for

log (SJ versus fraction of pentanol with 0.7 fraction of ethanol. Only the linear parts of the

plots were used to estimate the slope (cosolvency power). The change of mole fraction in

some of the components in the NAPL mixture, with a fraction of organic solvent in the

system, are also shown in Figure 2-3.



Table 2-4. Summary of measured and log-linear extrapolated aqueous solubility for

single NAPL

Compound
MogS, b

log Sw ''Slope r range of

ethanol f
c

1 ,3,5-Trimethylbenzene 1.990 1.320 4.767 0.975 (0.3-0.8)

Decane -2.046 -1.132 6.563 0.987 (0.3-0.7)

1 ,2,4-Trimethylbenzene 1.756 1.403 4.244 0.975 (0.3-0.8)

1 ,2-Dichlorobenzene 2.000 1.750 4.100 0.977 (0.3-0.7)

Undecane NA -1.872 7.498 0.972 (0.3-0.8)

1 ,2,4-Trichlorobenzene 1.279 1.037 4.933 0.981 (0.1-0.7)

a Log solubility values from Verscheren (1983) and Chiou et al., (1982)
* based on linear extrapolated from plot of log Sm vs fc of ethanol in this study.
c
Slope of the log Sm vs fc of ethanol, slope = 0o



29

Fraction of Ethanol, fc

0 0.2 0.4 0.6 0.8 1

Fraction of Ethanol, fc

Figure 2-1
. Relationship between log solubility of organic chemicals versus volume

fraction of ethanol in ethanol/ water solution (single component NAPLs)
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Figure 2-2. Solubility ofNAPL target components from Hill AFB NAPL in ethanol/water

solution
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Figure 2-3. Relation beween mole fraction of components in Hill NAPL versus

volume fraction of ethanol.
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An inverse relationship for the changing mole fraction of a component in NAPL with

increased ethanol fraction was obvious.

Most log-linear extrapolations were based on the solubility in ethanol fraction from

range 0.2 to 0.8. This range was experimentally chosen because: 1) log Sm versus f
c
were

linear within this range for most of the components; 2) at low cosolvent fractions (<0.2 or

<0.3 for high molecular, low solubility components), the cosolvent effect on solubility was

not enough to give reliable measured values; 3) most NAPL components in this study are

liquid at room temperature, they are miscible with 1 00% ethanol and partially miscible with

high cosolvent fraction mixture for more soluble single NAPL. Thus, end to end sigma (o =

log (SJSW) value are impossible to obtain; (4) since the solution/NAPL ratio used in the study

was about 18:1, complex NAPL mixture components with low mole fraction in the NAPL

may be exhausted in higher fraction ethanol solutions (see Eq. 2-12 and Figure 2-4), resulting

in an underestimation of the component solubility.

The log-linear solubility equation has been found to be valuable in estimating the

solubility of the poorly soluble drugs in binary and ternary mixtures of cosolvents and water

(Rubino and Yalkowsky, 1984, 1985, 1987a; and Yalkowsky and Rubino, 1984). For most

of the cosolvents tested, some degree of deviation from ideal solubilization behavior exists.

The extent of deviation depends upon both the type and amount of cosolvent used. The largest

deviation is seen when higher volume fraction (0.7-0.9) of cosolvent are used and is greater

for ethanol-water systems than the methanol-water or glycol-water systems (Rubino and

Yalkowsky, 1985). The "S" shaped solubilization curve was also found for two organic

chemicals in alcohol-water mixtures, and the degree of curvature is much higher for ethanol

than for methanol (Rubino and Yalkowsky, 1984, 1985).
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Figure 2-4. Log solubility vs fc for NAPL target components from Hill AFB NAPL
in ethanol/water solution, with estimated log S vs fc from Eq. 2-13 and

maximum component concentration (Cmax) measured by methylene

chloride extraction.
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Very few data are available for aqueous solubility of higher carbon number alkanes

(O10). Verschueren. (1983) reported aqueous solubilities of 9 ug/L at 25 °C for decane and

13 ug/L for tridecane at 25 °C. The measured solubilities of n-alkanes were C,0, 52 ug/L and

C„, 4.4 ug/L ( compare with C/0,74 ug/L and C/7 , 13.4 ug/L from log-linear extrapolation in

this study (Table 2-4)) , and a predicted solubility for C,2 is 3.4 ug/L by extrapolation

(McAuliffe, 1967). The log solubility of n-alkanes in water decreases linearly with increase

in carbon number from C., alkane through C9 alkane (McAuliffe, 1967). It has been suggested

that if the relation is a continuous function, the solubilities in water of longer-chain n-alkanes

could be predicted by extrapolation. However, Baker (1967) found that C/2
- C36 , n-alkanes

are solubilized in water at increasingly higher concentrations than anticipated from

exptrapolation from data for C, to C/0 alkanes. It appears that a change from a state of true

solubility (molecular dispersion) to molecular aggregations occurs at Cn (Baker, 1967).

Several methods to estimate aqueous solubility for organic compound have been

reported by Yalkowsky and Banerjee (1992). However, for higher carbon number alkanes,

estimation of aqueous solubility using these methods is still difficult. For example, the

aqueous solubility of higher alkanes can not be estimated using log SM, and log Kow relation

because the log Kow for alkanes are also not easy to measure or find in literatures .

Solubility of analytes from NAPL-contaminated soil Target analyte solubilities in the

alcohol-water mixtures measured using NAPL-contaminated soil from Hill AFB are

summarized in Appendix A. Examples of log (Sm) versus fc plots, shown for ethanol-water

mixtures in Figure 2-5, were linear for the range of 0 to 0.7 for some analytes. The highest
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Figure 2-5. Linear relationship between log solubility of target components versus

volume fraction of ethanol for NAPL contaminated soil (Hill AFB) in

ethanol/water solution
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ethanol fraction in the study, with the correction for soil water content, was 0.67 (volumetric

basis). The soihsolution ratio used was about 2.5. The log Sm for most of the components

increased linearly with ethanol fraction, f
c

. over the whole range of the ethanol fraction. Only

the solubility of 1 ,2-dichlorobenzene showed a tendency of leveling off with increase of the

ethanol fraction. This may due to depletion of the mass at high ethanol f
c
for 1,2 -

dichlorobenzene. The linear part of the log Sm versus f
c

. was used for estimating cosolvency

powers and extrapolating aqueous solubility for all the target analytes.

Comparison of cosolvency power measured from different systems

The cosolvency power (o) (i.e., the slope of log-linear plot), estimated from single-

NAPL component (osmgle) and multi-component NAPL (amixlure ) were compared by plotting

the ambaurt versus the asmgle (Figure 2-6A). A 1 :1 ideal line is included in these plots for easy

comparison. Figure 2-6A shows that the points for methyl- or chloro-benzenes fall on the 1 :

1

line; however, the data for alkanes, especially for undecane, falls significantly below the 1:1

line, which indicate that amxlure value is lower than osmgle value. In a similar way, the

cosolvency power values estimated from the data for NAPL contaminated soil (a
soll ) were

also compared with omixture values (Figure 2-6B). Data for all the components are found above

the 1 : 1 line, except for o-xylene. The higher a
soil

values indicate that interaction between soil

and solvent or soil and solutes are greater (i.e., P > 1, since the cosolvency power (o) referred

to here is the slope of log-linear plot which includes P (equation 2-4). Over all the

cosolvency power (o) from different systems (single vs mixtures, mixtures vs soil) resulted

in less 1 than unit difference for most of components.
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Figure 2-6. Comparison of sigma from NAPL mixture with sigma from single NAPL
(A), and sigma from NAPL mixture with NAPL soil (B) for target

components.



Morris et al (1988) proposed relationship between o and log Kow as:

o = alogK + b
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(2-14)

where a and b are the slope and intercept of the of the o vs. log K0M plot. Here, a is the

terminally based slope, i.e., o = log (S
c
/ ), Sc

is the solubility in pure solvent, SM . is aqueous

solubility. Equation 2-7 predicts that for a given solvent system, the terminally based slope

of the log-linear solubility plot is proportional to the solutes' s octanol-water partition

coefficient. The a and b values estimated by Morris et al (1988) for o in the ethanol-water

systems based on solubility data for 1 1 PAHs were 0.85 and 0.81, respectively. Morris's line

is included in the Figure 2-7, where the o values for the target components from NAPL

(Figure 2-7A) and NAPL-contaminated soil (Figure 2-7B) are plotted versus the

corresponding log K(m . values in ethanol-water systems. The data from this study deviate from

Morris's line, several factor may attributed to the deviation: (1) the a from Morris et al (1988)

were estimated from the terminal slopes of the solubility curves, while the a values in this

study are estimated from a more limited range of ethanol fraction, (due to the complete

miscibility of the solute, the value of solute solubility data in the pure solvent were

unavailable); (2) the compounds used to estimate the a and b for Morris' line are limited only

to a group of PAHs, while in this study, a borader spectrum of components are examined.

Solubility in ternary solvent mixtures

Pentanol is not miscible with water, with an aqueous solubility is about 2.5%. It is

difficult to measure the cosolvency power of pentanol itself. Thus, pentanol cosolvency was
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8

log Kow

Figure 2-7. Sigma versus log Kow for target components in ethanol/water, from

(A) NAPL mixture and single NAPL
; (B) NAPL contaminated soil.
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estimated based on solubility measurements in ternary solvent mixtures (ethanol-pentanol-

water). This allowed the maximum pentanol concentration to be extended to more than 25 %.

Target component solubility, with the ethanol fraction in the cosolvent fixed, increased log-

linearly with the increase of pentanol fraction. However, as shown in Figure 2-8, the

cosolvency power of pentanol (i.e., the slope of the solubility plots) for undecane

solubilization varies from 18.93 for 0.4 fc ethanol to 7.20 for 0.7 f
c
ethanol . This suggests

that the solubility of undecane was enhanced dramatically by additional pentanol at low

ethanol fraction. Furthermore, these results indicated that the additive effect for the multi-

solvent systems described by the log-linear cosolvent model may not be applied in these

ethanol/pentanol/water mixed solvent systems.

The plots for log solubility of target components versus fraction of pentanol in

ethanol/pentanol/water solution for the Hill NAPL with a fixed ethanol fraction of 0.7 are

shown in Figure 2-9; a linear relationship can be seen in these plots. Similarly, the linear

relationship was also found for the NAPL contaminated soil at the fixed ethanol fraction of

0.47 (Figure 2-10). However, as described earlier, the slope of log S versus f
c
for different

based solution of ethanol was different. Therefore, the slope (i.e., cosolvency power) of target

components for NAPL was not directly comparable with target components for NAPL

contaminated soil in ethanol/pentanol/water solution (Table 2-5).

Solubility ofPAH from coal-tar contaminated soil

Solubility of 12 PAHs from three types of coal tar contaminated soils in the

methanol/water system are summarized in Appendix A. Examples of the log S versus fc of



log Ce,p,w =1.69 +18793

regression
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2.5

with 0.6 fcMethanol

log Ce,p,w =3.07+ 8.95

data regression

0.05 0.1 0.15
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with 0.7 fc of ethanol
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Figure 2-8. Relationship between log undecane solubility versus fraction of pentanol

in ethanol/pentanol/water system with different volume of ethanol fraction



Figure 2-9. log Sm of target components versus pentanol fraction with 0.7 fc ethanol

in NAPL-ethanol/pentanol/water system

Figure 2-10. Examples of log Sm versus fraction of pentanol with 0.47 fraction of

ethanol in the NAPL contaminated soil and ethanol/pentanol/water system



Table 2-5. List of estimated cosolvency powers for NAPL target components

in ethanol/pentanol/water systems

Compound log Kow

Slope (log Sep w vsfc ofpentanol)

X T A T4TNAPL
(0.6 fc ethanol)

NAPL Soil

(0.47 fc ethanol)

p-, w-Xylene 3.09 6.55 11.97*

o-Xylene 3.09 6.51 6.85

1 ,2-Dichlorobenzene 3.40 3.94 3.97

1 ,3,5-Trimethylbenzene 3.55 6.65 10.36

1 ,2,4-Trimethylbenzene 3.55 6.02 14.32

Naphthalene 3.59 4.06 0.79

1 ,2,4-Trichlorobenzene 4.1 3.61 5.4

Decane 6.00 8.87 16.6

Undecane NA 9.13 14.46

Tridecane NA 11.03 16.43
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methanol are shown in Figure 2-11. Log-linear relationship between concentration versus

fraction of the cosolvent was evident for all of the PAH components.

Ideal behavior

Aqueous solubility values, measured directly or estimated by log linear extrapolation,

as well as their cosolvency powers (slope) are complied in Tables 2-6 and 2-7.

Solubility of target analytes for NAPL and NAPL contaminated soil, measured

experimentally or estimated by log-linear extrapolation, were plotted with Raoult's law's

predicted aqueous solubility values (Figure 2-12). The Raoult's law estimate of the aqueous

phase solubility was computed for each solute by using an average molecular weight of 170

for the NAPL and for the NAPL contaminated soil. In each plot, the ideal line (i.e., 1:1

correlation) was included. For aqueous solubilities measured using the field NAPL (Figure

2-12A), data deviate above or below the line. The data that fell below the ideal line resulted

in predicted concentrations greater than the aqueous solubility measured or estimated by linear

extrapolation. The data that fell below the ideal line were mainly alkanes. Though they were

present in reasonable amounts in the NAPL, the aqueous solubilities of these components

were so low that direct measurements were not reliable, and were estimated based on log-

linear extrapolation. Similar results were found with the aqueous solubilities measured in

NAPL contaminated soil (Figure 2-12B). Deviations for a measured solubility ofcompounds

from NAPL with predicted data may attributed to ( 1 ) uncertainty of the log linear extrapolated

aqueous solubility; (2) existence of nonideal solubility for these NAPL components

solubilization from the NAPL mixtures; and (3) depletion of constituent mass in the NAPL.
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Figure 2-11. Linear relationship between log solubility ofPAH versus volume fraction

of methanol for coal tar contaminated soils in methanol/water solution
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Table 2-6. Complied log-linear extrapolated aqueous solubility of target components

and their cosolvency power.

Compound log S

(log sw y
b
Slope

NAPL NAPL soil NAPL NAPL soil

p-, Aw-Xylene 2.297 -1.91 -2.98 4.90 6.11

o-Xylene 2.243 -1.79 -1.77 4.01 3.85

1 ,2-Dichlorobenzene 2.000 -0.27 -0.53 3.94 4.23

1 ,3,5-Trimethylbenzene NA -1.94 -2.39 4.78 5.36

1 ,2,4-Trimethylbenzene 1.756 -1.13 -1.5 4.45 4.52

Naphthalene 1.500 -1.53 -1.76 3.57 3.97

1 ,2,4-Trichlorobenzene 1.279 -1.59 -2.01 5.07 5.43

Decane -2.046 -2.68 -3.14 6.20 6.45

Undecane NA -2.78 -3.25 6.68 8.35

Tridecane NA -3.06 -3.58 5.86 6.83

a
Linear extraploated from plot of log Sm vs fc of ethanol.

b
Slope of the log Sm vs fc of ethanol, slope = ceo , and apofor NAPL and NAPL
contaminated soil, respectively.
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Table 2-7. Summary of log-linear extrapolated aqueous solubility of PAHs in coal tar

mixtures and their cosolvency power.

Compound "log

s,

log S„ Slope of log S,„ vs fc

UT 586 UT 690 Water

loo

UT
586

UT
690

Waterl

00

naphthalene -3.05 -0.89

(-0.89)"

0.29

(-0.79)

0.79 1.73 1.47 2.55

1 -methylnaphthalene -3.72. -0.51

(-0.45)

-0.03

(-0.91)

0.68 2.40 1.53 3.07

2-methylnaphthalene -3.62 -0.44

(-0.39

-0.01

(-0.36)

0.06 2.10 2.29 2.86

acenapthylene -4.02 -0.49

(-0.46)

-0.68

(-0.58)

-1.32 2.25 2.73 3.45

acenapthene -3.98 -1.40

(-1.29)

-1.27

(-1.27)

-1.53 2.64 3.87

fluorene -4.03 -3.36

(-0.73)

-1.33

(-0.54)

-1.33 2.62 4.51 4.22

phenanthrene -4.5 -4.47

(-0.98)

-1.50

(-0.43)

-1.26 2.82 5.63 4.10

anthracene -4 49 -5.00

(-1.46)

A OA-0.80

(-0.89)

-1.41 3.77 3.07
A C A
4.54

fluoranthene -5.19 -5.94

(-1.65)

-1.17

(-0.96)

-2.17 3.82 4.00 5.15

pyrene -4.85 -5.72

(-1.43)

-1.70

(-0.98)

-1.94 4.51 4.53 4.95

chrysene -5.29 -2.06 -1.66 4.41 4.10

benz(a)anthracene -6.29 -1.59

benzo(a)pyrene -6.28 -1.11

" Supercooled liquid solubility calculated by assuming a constant AS
y
for PAHs (Lee et al.,

1992b).

* the values in the parentheses are directly measured or hexane (methylene chloride)

extracted aqueous solubilities.
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Figure 2-12. Comparison of laboratory measured aqueous-phase concentration

with those predicted based on Raoult's law for (A) Hill AFB NAPL
(B) NAPL contaminated soil, and (C) PAHs for three types of coal

tar contaminated soils.
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The predicted log solubility data versus measured aqueous-phase solubility data of

PAHs from coal tar contaminated soils are plotted in Figure 2-12C, along with the 1:1 ideal

line. All of the predicted data points for the Waterloo tar soil fell consistently above the ideal

line. The two other coal tar soils data points were scattered, some deviated a great deal from

the 1:1 line.

Lee et al. (1992b) compared laboratory-measured, aqueous-phase concentrations to

those predicted by Raoult's law for eight coal tars supplied by EPRI; they reported that the

majority of the data lie within a factor-of-two interval about the 1:1 correlation. Good

agreement for a majority of PAHs within the factor-of-two suggested that aqueous

concentrations ofPAHs from coal tar or coal tar contaminated soil may be estimated by using

Raoult's law approach.

Peters and Luthy (1993) investigated three
14C labeled PAHs (naphthalene,

phenanthrene and pyrene) for their solubility in a coal tar-water system, and predicted their

aqueous solubility based on a Raoult's law approximation. The results showed that the

experimentally measured aqueous solubility, Cw ,
agreed well with Raoult's law predictions

for naphthalene, but the measured Cw for phenanthrene and pyrene were larger than those

predicted by Raoult's law.

The Hill AFB NAPL and the coal tars are both complex mixtures. Coal tars consist

of hundreds of components, primarily a group of polycyclic aromatic hydrocarbon

components, ranging from single to multiple (4-6) benzene rings, and these PAHs have

similar basic structures. The NAPL from the Hill AFB site was a mixture ofjet-fuel and

cleaning and degreasing solvents, consisting of a group of alkanes and aromatic constituents
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like xylenes, trimethylbenzenes and di- and tri-chlorobenzenes. The Hill NAPL is not only

complex in composition, but it is also a mixture of structurally different compounds.

Solubility of components from a NAPL mixture also is a function of the ideality of the

organic phase. Studies by Lee et al (1992b) and Cline et al.(1991) have suggested that NAPL

mixtures of structurally similar organic liquids form ideal solutions in the organic phase and

the release of these constitutes into air or water may be estimated by Raoul's law. However,

mixtures of aromatic constituents, like benzene and toluene, and saturated alkane

constituents, like hexane and octane, showed deviations from ideality that resulted in

somewhat higher concentrations in the aqueous phase than predicted by Raoult's law

(Leinonen and Mackay , 1973; Sanemasa et al., 1987). This nonideality will influence the

distribution of solutes from complex NAPL mixtures.

Partitioning of the target components in NAPL/water system

The partition coefficient K„w for all the target analytes and PAHs at different

cosolvent fractions were compiled in Appendix A. Figure 2-13 shows a plot of log (Knw )

versus fraction of ethanol, f
c , for some of the target analytes from the NAPL-cosolvent

system. Similar data for several target analytes from the NAPL-contaminated soil-cosolvent

system are shown in Figure 2-14. The NAPL-water partition coefficient for the components

with low aqueous solubility was estimated by using the log-linear extrapolation method. Knw

values for NAPL target components, estimated by log-linear extrapolation, and their

estimated log Koc values, based on the total carbon content ofcontaminated soil, are compiled

in Table 2-8. The Km .
values estimated by log-linear extrapolation were used in the studies.



Figure 2-13 Inverse linear relationship between log partition coefficient for target

components versus volume fration of ethanol in NAPL-ethanol/water

system.
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Figure 2-14. Inverse linear relationship between log partition coefficient for target

components versus volume fration of ethanol in NAPLcontaminated

soil-ethnaol/water system.
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Table 2-8. Log-linear extrapolated NAPL-water partition coefficient for target components

from ethanol/water cosolvent system

Compound log Kow

log K„w
a

-Slope
b

c
log Koc

NAPL NAPL
CA1

1

bUll

NAPL NAPL
bull

p-, m-Xylenes 3.09 s so J.UZ 5 S? D. / D 5.46

o-Xylene 3.09 S 10 4 87 S 1 1J . 1 1 3.84

1 ,2-Dichlorobenzene 3.40 1 0? ? 97
.— / 3.81

1,3,5-

Trimethylbenzene

3.55 5.32 3.00 5.09 5.96 5.45

1,2,4-

Trimethylbenzene

3.55 5.29 3.03 5.24 5.26 4.58

Naphthalene 3.59 4.30 2.29 3.71 6.2 3.94

1 ,2,4-Trichlorobenzene 4.1 5.09 3.31 6.37 7.86 4.86

Decane 6.00 6.57 4.40 6.38 6.99 5.95

Undecane NA 6.71 5.22 6.57 8.16 6.82

Tridecane NA 6.84 4.96 6.31 6.94 6.50

a
Linear extraploated from intercept of log vs fc of ethanol, * Slope of log K„, vs fc

of ethanol, i.e., afio,
c
Estimates from Koe

= K„w / foc
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The volume to mass (V/M) ratio used in the laboratory experiments was about 1/2, which is

much higher than the field pore water condition at the Hill AFB site. The concentration

values obtained from laboratory experiments were not necessarily the same as the

concentrations measured in the field due to the difference in V/M ratios ( Rao et. al 1997,

Sillanetal., 1997).

A log-linear extrapolated coal tar-water partition coefficient, K,w , was estimated by

regressing the log partition coefficient versus fraction of methanol (Figure 2-15). The K^,

values, estimated by log-linear extrapolation, from these plots are listed in Table 2-9. The

estimated log Koc ofPAHs from three types of coal tar contaminated soils are also included

in Table 2-9.

Relationship between partition coefficient and aqueous solubility Solubility ofthe

solvent in water is small in many lipoidal solvent-water systems. In these cases, the effect

of the solvent, dissolved in water, on the solute activity coefficients of the solvent-water

mixture was not very significant when solutes have comparable or higher solubility than the

solvent in water(Chiou and Schmedding, 1 982). Since the extent of solute solubility is an

important factor in partition coefficient K, it is convenient to relate K directly to the molar

solute solubility in water (Chiou and Schmedding, 1982; Hansch et al, 1969; Chiou and

Block, 1986; Yalkowsky and Valvani, 1980; Yalkowsky and Roseman, 1981). If a liquid

solute has limited solubility in water, the molar solubility (Sw) is related to the activity

coefficient as :
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Figure 2-15. Inverse linear relationship between log partition coefficient
, log Km, of

PAHs versus volumne fraction of methanol for coal tar contaminated soils

in methanol/water solution.
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Table 2-9 Log-linear extrapolated coal tar-water partition coefficient for selected

PAHs from methanol/water cosolvent system

Compound log Kow

log K„/ log K
oc

b

UT
586

UT
690

Water-

loo

UT
586

UT
690

Water-

loo

naphthalene 3.37 1.62 2.74 2.92 3.83 4.15 3.95

1 -methylnaphthalene 4.00 1.97 2.99 3.51 4.15 4.57 4.54

2-methylnaphthalene 4.00 1.61 2.06 3.33 3.82 3.74 4.36

acenapthylene 4.07 1.81 2.83 3.70 4.02 4.40 4.73

acenapthene 3.92 2.0 1.81 4.02 4.31 3.38 5.05

fluorene 4.18 2.67 3.00 4.31 4.99 4.57 5.34

phenanthrene 4.46 2.76 3.45 4.40 5.58 5.02 5.43

anthracene 4.45 2.93 3.31 4.43 5.18 4.88 5.47

fluoranthene 5.33 3.15 3.81 5.34 5.36 5.38 6.37

pyrene 5.18 4.25 4.12 5.22 6.57 5.69 6.25

chrysene 5.61 4.33 4.0 6.27 4.51 5.55

benz(a)anthracene 5.61 3.87 NA 5.44

"Linear extrapolated from log K„, vs fc of methanol;
b
Estimated from Koc =KJ f

c

relation.
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where y w is the activity coefficient in pure water saturation and V w the molar volume of

water. Combining equation 2-7 with the previous definition of partition coefficient (AT):

the relationship between K and Sw for solute in NAPL-water mixtures can be expressed as

(Chiou and Schmedding, 1982):

The relative effects of the solute water solubility (yw and Sw ), the solute and their matrix

or solvent compatibility (y0*), and the effect of solvent dissolved in water on solute water

solubility ( yw lyw*) on partition coefficient, vary from one system to another. To analyze

these effects for solutes in a solvent-water system, Raoult's law for ideal behavior (log 1C

= -log Sw - log V*) can be used as a reference. Plot of log If versus log Sw gives an ideal

line, with a slope of -1 and an intercept of -log V*. The difference between log K" and log

K is equal to log y 0
* + log (yjy*j. The effect of log ( (yjyw*) depends on the types of

solvnet-water systems and the solutes. In general, this effect is relatively small in lipoidal

solvent-water systems for those solute whose solubilities in water are comparable with or

greater than the solubility of solvent in water (Chiou and Block, 1986).

The partition coefficient values, measured and estimated by log linear extrapolation,

of the target organic compounds in the NAPL/water systems were used together in the

(2-16)

log K = -log Sw - log V* - log Yo + log (y'/yj (2-17)
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following discussion. A plot of log Knw versus log S ( solute crystal solubility) is shown in

Figure 2-16. The average molecular weight of 170 g/mole was used to establish the ideal

line for the field NAPL, and the NAPL density was measure as 0.9 g/ml. The value of the

log V0
* is calculated based on the average molecular weight and density of the NAPL, i.e.:

MW
log V

0
= log ( °-) (2-18)

P0

This gives the intercept of the NAPL-water ideal line as 0.724. The data points in

Figure 2-16 show two types of deviation, /(-xylene and w-xylene deviated above the ideal

line, while the alkanes all fell below the ideal line. The deviation of a compound in the

system measures the sum of the contributions of log y* and log (yw lyw*). In such a

complex NAPL system, both the solute-NAPL compatibility (y0*) and the effect of NAPL

dissolved in water on solute water solubility (yw /yw*) may be significant. Some relatively

higher solubility components in the NAPL, dissolved in water, enhanced the solubility of

alkanes (generally, alkanes have extemely low solubility in the water); and thus, lowered

the partition coefficient. It should be noted that a plot of log Knw versus log S exhibits a

nonlinearity for those target components having large differences in their hydrophobicity and

solubility.

Chiou and Block, (1986) presented an analysis of the published data to evaluate the

relationship between the octanol-water partition coefficient Km, and heptane-water partition

coefficient Khw , and aqueous solubility (Sw) for a wide range of liquid and solid organic

compounds (mole solubility range -0.4 to -6.7 mole/liter). They noted that measured Kow and
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Figure 2-16. Comparison of measured NAPL- water partition coefficients and

predicted based on Raoult's law for Hill AFB NAPL (A) and NAPL
contaminated soil (B)
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Khw values were systematically smaller than those expected, based on the ideal behavior.

They suggested that the deviation in the octanol-water system was significantly the effect

of log (Ym/Y**) man log y0 for solutes that have very low water solubilities. In the heptane-

water system the value of log (yjy^*) can be neglected because the solubility of heptane in

water is very small (about 3 mg/L) (Leo and Hansch, 1971). Chiou and Block found that the

plot of log triolein-water partition coefficient, K,w , versus log Sw or log Kow exhibited a

curvature.

A study of fuel-water partition coefficients for the aromatic constituents in gasoline

(Cline et al., 1991) found that a plot of log Kjw versus log Sw was linear, and fit the line for

ideal behavior based on the Raoult's law. However, the compounds included only ranged

from -0.26 to -3.2 in their log aqueous solubility, and they all had the same base structure of

benzene (Gasoline is a complex mixture of volatile hydrocarbons. The major components

are branched-chain paraffins, cycloparaffins, and aromatic compounds). The previously

discussed deviation from the ideal behavior was only obvious in those compounds with low

solubility.

Chiou and Schmedding (1982) studied the relationship between log Km , and log S for

various classes of organic compounds, and they used the ideal line based on the assumption

of Raoult's law in the octanol phase, and zero effect of dissolved octanol on water solubility

for the octanol-water system(Chiou and Schmedding, 1 982). Their results showed that

alcohols and ethers approached ideal solution behavior in the octanol phase, because their

structure and polarity made them compatible with octanol. Throughout the range of the

reported water solubilities, the deviations from the ideal line of alkyl halides, alkynes and
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aromatics were fairly comparable with those of alcohols and ethers. By contrast, alkanes and

alkenes deviated downward from the ideal line by some 2 orders of magnitude in the

partition coefficient. The downward deviations increased systematically with lower

solubilities. They suggested that the deviations are caused by liquid solute incompatibility

in the water-saturated octanol phase, as measured by the activity coefficient, and by the

lesser effect of dissolved octanol on water solubility, both of which increased systematically

with decreasing solubility. For such nonideal behavior, the partition coefficient between an

organic liquid and aqueous phase can be related to the solubility of the pure liquid as:

log K
p

= -log Sw - log V* - log Yo + log (Y 0 */Yj QAT>

the last two terms as sources of nonideality as discussed previously, and both usually

produce a downward deviation from the ideal line.

Lee et al. (1992a) investigated the applicability of Raoult's law for diesel fuels by

interpreting data from Hagwall (Hagwall, 1992), and found that there was good agreement

between Raoult's law predictions and measured data for four diesel fuels. Lee et al. (1992b)

have also studied eight coal tars collected from different locations in the U.S. The

concentration ranges of various target analytes in these carl tars were: monocyclics, 13-

25,300 mg/kg; polycyclics, 6,800-218,000 mg/kg for 2 and 3 rings; and 12,00-110,000

mg/kg for >3 rings, and 70-5,000 mg/kg for nitrogen and sulfur substituted polyaromatic

hydrocarbons. The eight different coal tars also exhibited a wide range in average molecular

weight and density (EPRI, 1992). Of the tars Lee et al. investigated, data points for seven

tars were scattered within the factor-of-two error bounds of the ideal line (using Raoult's law
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approach, while the data points for one coal tar were consistently above the ideal line.

Three different types of coal tar contaminated soils (EPRI, 1992) were used in this

study to evaluate the applicability of Raoult's law in predicting the K,w of PAHs in coal tar

soils. The soils were UT 586, a sandy soil (primarily quartz) with total PAHs content of 320

mg/kg soil; UT 690, a sandy soil (very complex mineral background, including a black coal

fraction) with total PAHs of 3475 mg/kg; and Waterloo fine sand, with total PAHs of 17,600

mg/kg. The coal tar-water partitioning data for coal tar contaminated soil-water systems is

presented in Figure 2-17. Log Kclw values from all three tar soils were plotted against the

logarithm of PAHS supercooled solubility ( Scol), along with the line representing

statistically of best fit (Lane and Loehr, 1992 ) in Figure 2-17. Among all the data only a few

of the data points from the Waterloo soil fell on the best fit line. Data points from two other

tar soils were all consistently below the line of best fit. The most probable cause for the

deviation was the estimated molecular weight. The change in the intercept can be explained

by an increase or decrease in the molecular weight and density of the coal tar soils. The

interaction of coal tar with original soil organic matter, i.e., may be caused by aging. In this

study, Waterloo coal tar soil contained high liquid tar relatively associated with soil as thin

coatings.

Relationship between K
cl „. and K High correlation between K clw and K ow has

been demonstrated by earlier other researchers (Lane and loehr, 1992; Picel et al., 1988), as

is to be expected given that the correlation between the partitioning of solutes in different

immiscible organic/water systems can be descried by a linear free-energy relationship

(Campell etal., 1983).
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Figure 2-17. Relationship bewteen the log coal tar-water partition coefficient and

log solubility for three types of coal tar contaminated soils, and a

statistice line of best fit for coal tar-water partition is included for

comparison.
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The NAPL/water partition coefficient for the target components from NAPL- contaminated

soil-water, Knw, and the tar/water partition coefficient for PAHs from coal tar-contaminated

soil, Klw , were all normalized to the soil total organic carbon content (foc). The normalized

partition coefficient, log Koc are plotted versus log Kow for all the compounds in this study

(Figure 2-18). The plot also includes three regression lines for the following data sets: 1)

for soil organic matter-water system (uncontaminated soil)(Karickhoff, 1 987); 2) a regression

line for the heavily contaminated soil (Waterloo tar soil); and 3) a statistical best-fit linear

relationship for coal tar-water partitioning (Lane and Loehr, 1992). All but one of the data

points fell between the line for "clean" soil and below the regression line for heavily

contaminated soil, with the result that data for the less contaminated coal tar soil UT586 (

total PAHs of 320 mg/Kg) fell closer to the "clean" soil line. These results indicate that the

partition coefficient for contaminants in soil can be bound at the upper end by their partition

coefficients in pure coal tar (or other complex NAPL) and on the lower end by the partition

coefficients for a "clean" soil; thus, implying that the native soil organic carbon has

considerably less affinity than the tar pitch that constituted much of the contaminates of coal

tar. With aging, the partitioning process in contaminated soils apparently becomes less

compared to the original contaminated soil.
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Figure 2-18. Comparison of log Koc vs log Kow for NAPL contaminated soils

and that of statistical relationship for coal tars and "clean" soils
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Conclusions

Aqueous solubility of hydrophobic solutes with large molecular weight and low

solubility can be estimated by log linear extrapolation of their solubility measured

in cosolvent mixtures. When using Raoult's law approach to predict aqueous

solubility from NAPL-mixtures or to predict NAPL/water partitioning behavior,

several factors that must be considered are: structural similarity of components in a

mixture; the solute-NAPL compatibility; and the effect ofNAPL (lower molecular

weight solutes) dissolved in water on solute (higher molecular weight, more

hydrophobic) water solubility.

Addition of higher molecular weight alcohol (pentanol) into ethanol/water mixture

significantly increased the NAPL solubility compared to the solubility in ethanol-

water. NAPL solubility enhanced by pentanol in ethanol/water mixtures appears

more for fraction ethanol at lower basis (0.4) than at higher ethanol basis (0.7).

The partition coefficient for contaminants in soil can be bound at the upper end by

their partition coefficients in pure coal tar (or other complex NAPL) and on the lower

end by the partition coefficients for a "clean" soil in the log K,
)c
versus log Kow plot.

Aromatic constituents of complex organic wastes have much stronger affinity to

contaminated soils than to soil organic. Implication is that native soil organic carbon

is considerably polar than the tar or tar pitch that constitute much of the PAHs; and

estimating or simulation using fresh spike contaminants on to soil may not accurate

reflect the contaminants partitioning behavior or movement for complex wastes

contaminated soils and aquifers.



CHAPTER 3

DISSOLUTION OF NAPL MIXTURES DURING FLOW

Introduction

NAPL transport in the subsurface is a multi-phase flow phenomenon involving

physical processes governed by buoyancy, viscous, and capillary forces; and chemical

processes such as dissolution and partitioning. NAPLs in the subsurface serve as potential

long-term sources of soil and groundwater contamination, and relatively small amounts of

NAPLs have the capability of contaminating large aquifer volumes at concentrations above

the regulatory limits. The traditional pump-and-treat approach will not be particularly

effective in reducing contaminant concentrations for the following reasons: (1) immobility

of the residual NAPLs, even at high flushing rates; (2) NAPL is only removed by the slow

process of dissolution; and (3) due to subsurface heterogeneity and kinetic limitations to

solubilization (Mackay and Cherry, 1989). Since residual NAPL may occupy up to 14-30

percent of the pore space in the source zones (Wilson et al., 1990), it has been estimated that

clean up NAPL-contaminated sites by pump-and-treat alone may require years or decades

67
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(Mackay and Cherry, 1989). Several alternate approaches have been developed for enhanced

remediation of NAPL-contaminated sites. Several in-situ extraction of enhancing NAPL

contaminant removal in the subsurface are under investigation. Examples include in-situ

flushing with cosolvents, surfactants and complexing agents (NRC, 1994, NRC, 1997).

The primary criterion upon which the effectiveness of chemical enhancement

additives are judged is their solubilization or mobilization potential. The impact of

interactions between the additive and the solid phase on the NAPL solubility and mobility

enhancement is also an important factor to consider. Alcohol solutions can significantly

reduce the interfacial tension (IFT) between NAPL and aqueous or solid phases, thus

allowing separate phase displacement of trapped immiscible NAPL ganglia through pore

constrictions (Puig, et al., 1982). NAPLs and adsorbed organic contaminants can also be

removed through enhanced dissolution or desorption in the solvent-rich cosolvent phase

(Augustjin et al., 1994). The miscibility of the low molecular weight alcohols with water

allows for nearly complete recovery of alcohol by water flushing. Low concentrations of

alcohol remaining in the subsurface after flooding may be readily degraded by the native

microorganisms (Novak et al., 1985, Lettinga et al., 1981).

Based on the previous research on cosolvent enhanced solubility (Chapter 2),

cosolvent effects on the dissolution oftarget components ofNAPLs and NAPL-contaminated

soils were investigated in laboratory columns under 1-D saturated flow conditions. The

NAPL sources investigated include: (1) a single-component NAPL, tetrachloroethylene

(PCE), which is denser than water (DNAPL); and (2) a multi-component NAPL mixture

from Hill AFB. In this chapter, the cosolvent-enhanced dissolution of the NAPLs in
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columns under saturated, steady flow conditions were investigated. The flushing efficiency

ofbinary (ethanol/water) and ternary solvents (ethanol/pentanol/water) were compared based

on the NAPL constituent mass recovery, mean elution time, and fitted mass-transfer rate

coefficients. The experimental data were also fitted using a simulation model developed by

Augustijn et al. (1993) and modified by Jawitz (1997).

Theoretical

There are four primary mechanisms responsible for cosolvent-enhanced remediation

(Augustijn et al., 1994): (1) reducing the NAPL/water interfacial tension (IFT); (2)

increasing the solubility of non-polar organic chemicals; (3) decreasing sorption of non-polar

organic chemicals on sorbents; and (4) reducing sorption and dissolution mass-transfer

limitations. Cosolvent effects on the solubility and partitioning have been discussed in

Chapter 2. Cosolvents reduce the interfacial tension between the solution and NAPL phases,

which reduces the capillary forces by which the NAPLs are entrapped in the pore spaces.

Therefore, mobilization of residual NAPL is facilitated. The ratio of hydrodynamic and

capillary forces acting on the residual NAPL phase is expressed by the capillary number:

where u is the viscosity of the solution phase, v is the groundwater flow velocity, and y is

the interfacial tension between the solution and NAPL phase. In general, residual NAPL is

mobilized as the capillary number is greater than 2 x 10"5
, and virtually all NAPL is
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displaced when the capillary number exceeds 5 x 10"3 (Hunt et al., 1988). High capillary

numbers can be achieved by increasing the groundwater velocity and/or decreasing the

NAPL-water interfacial tension as indicated in Equation 3-1.

Given the practical limitations on groundwater pumping rates, reducing the interfacial

tension by adding cosolvents may be a more viable option. NAPL -water interfacial tension

can substantially reduced by addition of cosolvent. Imhoff et al.( 1995) found that PCE-

water IFT (y ) decreases with increasing methanol/water fraction (Q, according to the

following expression:

Y - -43.1/
c

058
+ 43.2 (3-2)

The movement of NAPL and water or cosolvent through porous media can be

described at the macroscopic scale by Darcy's law:

q, = — [— + Apgsina] (3-3)
u dx

j

where q, is the specific discharge (Darcy's flux) of a particular fluid. k
;
is the intrinsic

permeability of a particular fluid; u is the dynamic viscosity of the fluid, dp
c

/ dx
{

is the

pressure gradient in the fluid; Ap is the density difference of the fluids; g is gravitational

accelerates; and a is the angle of flow relative to the horizontal. When the contaminants are

not present as a pure phase, but are present only in the solution and sorbed phases, the

equation governing the transport of a sorptive constituent is given by the one-dimensional

advection-dispersion equation:
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d
2C

(3-4)- v—
dx

2 dx

where R is the retardation factor, defined as R= l+pK/0, or R, =M, /0C, for multi-

component, complex NAPL mixtures; C is the concentration in the solution phase; t is time;

D is the hydrodynamic dispersion coefficient; x is the longitudinal distance; v is the flow

velocity; p is the dry bulk density of the soil; 0 is the volumetric water content; and is the

mass of contaminant / present in the system.

The solubility enhancement and the reduction of the partition coefficient resulting

from cosolvent addition are well established (see Eqs 2-4 and 2-5). The cosolvent effects on

the retardation factor can be predicated by the log-linear model (Nkedi-Kizza et al., 1987):

where Rm and R^, are the retardation factors measured in mixed solvent and aqueous

solutions, respectively; and a and P are empirical coefficients.

An increase in the mass-transfer rate coefficient (k) with increasing cosolvent content

is also expected, based on the log-log linear inverse relationship between k and K (partition

coefficient) (Brusseau and Rao, 1989) and the log-linear decrease of K with increasing

cosolvent fraction (Eq. 2-5). Combining these two relationships gives::

log (*.-!) = log (Rw
- 1) - apo/

c (3-5)

log k m = log k
w - aS apo/

C, I

(3-6)

where a is the absolute value of the slope for the linear regression between log K and log k.
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Materials and Methods

Columns

The experiments reported here were conducted in 25 mm ID x 50 mm length glass

columns obtained from Kontes Glass Co. The columns were fitted with Teflon o-rings and

Teflon end pieces, containing stainless steel frits (for glass bead packings) or glass-fiber frits

(for soil packing). All tubing, fitting and valves in contact with the organic fluids were

constructed with Teflon.

Two types of porous media were used in the experiments: (1) glass beads, size < 0.2

mm; (2) sandy subsurface soil from Gainesville, Florida (Eustis #3); this soil has 94 % sand

fraction, 3% silt, and 3% clay, and contains 0.47% of organic carbon (OC). The

contaminated soils used in the column studies was from the OU-1 site at Hill AFB,

UT(Chapter 2).

Reagent-grade tetrachloroethylene (PCE) (Aldrich Chemical CO.) was used as the

single-component DNAPL in column studies with packing of glass beads and sandy soil.

Methanol (Optima grade) and pentanol (n-amyl alcohol) (Fisher Sci. Co.) and absolute-200

proof ethyl alcohol (AAPER Alcohol and Chemical co.) were used as the organic cosolvents,

while the water used in this study was HPLC water (Fisher Sci. Co.) or deionized and

distilled water.

Single-component NAPL (PCE) contaminated columns

Columns packed with glass beads or sandy soil were initially saturated with water

by pumping 0.01 N CaCl
2
DI water upward through the columns at a flow rate of 0.5 ml/min
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flow rate (Gilson 302 or 305 pump). Approximately one pore volume of PCE (dyed with a

small amount of Sudan III red) was injected into the columns upward, opposite to the water

flow direction using a syringe pump(Harvard) at a flow rate of 0.1 to 0.2 ml/min .

Subsequently, PCE was flushed from column with 0.01 N CaCl, DI water at a much higher

flow rate (1 ml/min) until displacement of a separate phase PCE was no longer observed in

the effluent. The residual PCE saturation in the columns was determined based on the

weight difference of the column between water saturation and residual PCE saturation.

Assuming that density of aqueous PCE solution (psPCE) equals 1 (g/cm
3
), the volume of

residual PCE was calculated as follows:

PpCE^PCE
+

^PCe) PsPCE ^(PV) PCE @-7)

where is the density of pure PCE, VrcE is the volume ofPCE in the column and V!fPV)PCE

is the weight of the water-saturated column with PCE. From Eq. (3-7), the volume of PCE

in the column were calculated. The residual PCE saturation (SN ) in these experiments ranged

from 0.1 to 0.15. Pentafluorobenzoic acid (PFBA)was used as a non-reactive tracer.

Nonreactive tracer pulse displacements were performed before and after PCE contamination

to determine the hydrodynamic dispersion characteristics of the columns with or without

residual PCE saturation.

Contaminated glass bead or soil columns were flushed with methanol/water mixture

using two different binary solvent mixtures: (1) 40/60 methanol/water; and (2) 70/30

methanol/water. The cosolvent solutions were introduced at the column inlet at a flow rate
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of 0.5 ml/min. Flow interruption method (Brusseau et al., 1989) was applied when

appropriate. The column effluent was collected in HPLC vials and analyzed by HPLC (LC-

PAH column, UV detector at 230 nm, and 70/30 methanol/water mobile phase at 2 ml/min

flow rate). At times when the PCE concentration in the effluent was expected to change

rapidly, smaller volume fraction samples were collected.

The effluent samples collected during 0.8 to 2.5 pore volumes displaced appeared

cloudy, and the condensed, free PCE droplets settled to the bottom of the sample vials. The

effluent samples were initially analyzed without resuspending the free PCE. Then, a known

amount of pure methanol was added into the vials to completely dissolve the excess PCE.

These samples were also analyzed again for total PCE concentration.

Multi-component NAPL mixture contaminated soil columns

NAPL contaminated soil from OU-1 cell , at Hill AFB, UT, was well mixed and

carefully packed into the glass columns. The columns were water saturated by pumping

through 0.01 N CaCl
2
at 0.5 ml/min for 8 hours, or until the weight of the column remained

unchanged. Then, a non-reactive tracer, potassium bromide (Br-), and partitioning tracers

(alcohols) were injected, and the residual NAPL content (SN) was estimated using the

partition tracer method (Jin et al., 1995; Annable et al, 1997a). Br- and methanol were used

as a non-reactive tracers to determine the hydrodynamic dispersion characteristics of the

columns with residual NAPL saturation for pre-flushing and post-flushing.

Residual NAPL content in the columns was estimated with alcohol partition tracers

and a non-reactive tracer (Pope et al., 1994, Annable et al., 1997a). The method is based on
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measuring the retardation (R) of partitioning tracers relative to a non-reactive tracer, and

estimating SN given the NAPL-water partitioning coefficient (K^) measured in batch

experiments:

S -
R ~

l

K + R - 1
(3

"8 )

the retardation factor (R) for the partitioning tracers can be calculated from the normalized

first temporal moment for simple 1-D column experiment or calculated as the ratio of

average travel times for the partitioning tracer pulse (t^) and the non-reactive tracer pulse (t„)

introduced and displaced during the flow (Pope et al., 1995; Annable et al., 1995).

In Eq.3-8, Kw is the measure of equilibrium partitioning of the tracers between the

aqueous and NAPL phases, i.e., the NAPL-water partition coefficient. The basic assumptions

for partitioning tracers used for prediction of NAPL saturations are (Jin et al., 1995; and

Annable et al., 1997a): (1) tracer partition between the aqueous and NAPL phase can be

represented as a linear and equilibrium processes; (2) residual NAPL in the pore space or on

the solid surface has similar partitioning behavior as the free NAPL; and (3) the tracer

adsorption is only due to NAPL partitioning.

Binary (70/30 ethanol/water) or ternary (70/10/20 ethanol/pentanol/water) mixtures

were used to flush the NAPL contaminated soil columns at a flow rate of 0.5 ml/min. The

column effluent was collected into 2 ml GC-vials, and the concentration of the NAPL target

components was analyzed by GC-FID. The GC-FID program used for the sample analyses

is the same as that described in Chapter 2.
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Visual observations ofNAPL dissolution

PCE movement and dissolution in porous media was observed initially in a simple

physical analog of a single pore: by using 0.5 ml analytical pipet as illustrated in Figure 3-1

.

During water displacement, a PCE globule was initially stabilized in the middle of the pore,

but as the methanol front approached the PCE globule, a cloud appeared at the cosolvent and

PCE interface. This cloud continued to develop until the globule gradually elongated. The

change in shape of the globule is likely due to decreasing interfacial tension between

cosolvent and PCE. The formation of the cloud may be caused by the heat of mixing which

is generated when the solvent front mixed with water. The cloudy solution condensed in the

effluent, became clear and resulted in a small drop of free PCE. The size of the PCE globule

decreases as the cosolvent flushing process continued; and, finally the globule was pushed

by capillary forces or eventually all of the PCE was solubilized in the cosolvent.

Residual NAPL saturations

PCE residual saturation obtained for three PCE contaminated columns were estimated

by a weight difference method (Eq. 3-7), while the residual NAPL saturations for the two

NAPL mixture contaminated soil columns were determined using the alcohol partitioning

tracer method (Figure 3-2). The values of residual saturation for the columns are listed Table

3-1
. The soil bulk density (p) and volumetric water content of the column {6) are included.

The hydrodynamic characteristics for the NAPL-(single component or multi-component)
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Water

Methanol

Figure 3-1 . Sketches illustrating PCE droplet dissolution through pore body by

methanol flushing
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Pore Volumes

Figure 3-2. BTC of non-reactive and partitioning tracers used for estimation of

residual NAPL saturation (Sn) for pre-cosolvent flushing NAPL
contaminated soil column: (A) ethanol/water flushing;

(B) ethanol/pentanol/water flushing.
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Table 3-1 . Estimated residual NAPL saturation (SN) and other column parameters

for NAPL contaminated columns

Column

Parameters

9b (g/cm
J

) L(cm) v(cm/hr)

PCE contaminated

glass beads

40/60 MeOH/H
2
0

"0.118 1.79 0.41 42 5.0 14.9

PCE contaminated

glass beads

70/30 MeOH/H
2
0

"0.104 1.70 0.42 42 5.0 14.5

PCE contaminated

sandy soil

70/30 MeOH/H
2
0

"0.155 1.76 0.42 35 5.0 14.5

NAPL
Contaminated soil

70/30 EtOH/H
20

"0.067 1.89 0.41 15 5.0 14.9

NAPL
Contaminated soil

70/10/20

EtOH/PeOH/H
2
0

A
0.067 1.87 0.43 20 5.0 14.2

" SN were estimated using weight difference method;
* SN were estimated using partitioning tracer method.
e P

e
is Peclet number, P, = vL/D.
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contaminated soil columns, determined from the breakthrough curves of the non-reactive

traces( PFBA, Br or methanol) are listed in Table 3-1 as well.

Cosolvent Flushing of PCE Contaminated Columns

PCE contaminated glass bead columns were flushed with 40/60 (v/v) or 70/30 (v/v)

methanol/water mixture. Figure 3-3 and 3-4 show plots of fractional recovery of residual

PCE and effluent concentrations of PCE as a function of cosolvent pore volumes flushed

through the columns. The points which effluent concentration lie above the normal

breakthrough curves around 0.8 to 1.5 pore volumes are from those samples with white

cloudy "emulsion" like effluent.

When 40/60 methanol/water solution was used for flushing, the white cloudy

"emulsion" in the effluent started to appear approximately at 0.9 pore volume and ended at

about 1 .2 pore volumes displaced. A relatively small amount of the separate-phase PCE was

displaced from the column as an "emulsion" during flushing with 40/60 methanol/water. For

70/30 methanol/water flushing, more "emulsion" appeared in the effluent, and the emulsion

condensed into a small droplet of clear free PCE in the bottom of the vials. The higher

effluent concentration shown at 0.8 to 1.5 pore volumes (Figure 3-4) are total PCE

concentrations of effluent (i.e., with methanol-dissolved PCE), including the mass eluted as

a cloudy emulsion. The presence of an "emulsion" in the early 0.8 to 2 pore volumes

effluent may not be consider as a mobilization of the PCE, because the PCE in the column

was initially dyed with Sudan III (red ), which is a hydrophobic dye and insoluble in water.

IfPCE was mobilized during cosolvent flushing, the cloudy or condensed free PCE should

be red as the original
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Figure 3-3. Effluent concentration and fraction mass recovery for PCE with

40/60 methanol/water (v/v) flushing on PCE contaminated glass
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dyed PCE. Therefore, the "emulsion" like effluent may be the supersaturated PCE, due to

the heat generated by the solvent front mixing with water. This local heating increased the

solubility of PCE, and flowed out as cloudy fluid due to cooling and condensation. The heat

generated by cosolvent and water mixing varied from 3-4° C for 40/60 methanol/water mix

with water, 7-8 0 C for 70/30 methanol/water mix with water. PCE with heat ofchange (AH)

equals 12.056 kcal/K«mol, solubility would increase 1.2 to 2 times if the temperature

changes 3 to 10° C.

The 70/30 methanol/water flushing of the PCE contaminated soil showed that about

85% of residual mass was recovered within 50 pore volume with two flow interruption

(Figure 3-5). The tailing evident in the effluent concentration curve may due to the sorption

and desorption of the PCE on the soil organic matter since the Eustis sandy soil contains

0.47% organic carbon. The flow interruption technique indicates mass transfer limitations

and may effectively reduce the solvent flushing volume.

Comparison of different cosolvent flushing

As indicated in Figures 3-3 and 3-4, flushing the PCE contaminated glass bead

columns with 70/30 methanol/water more efficiently removed the PCE mass from the

column than flushing with 40/60 methanol/water. This is not only due to the significantly

higher solubility ofPCE in 70/30 methanol/water (partially miscible) (Figure 3-6A), the heat

generated from the solvent front is also higher. The reduction in the interfacial tension is also

greater for 70/30 methanol system comparing to that for 40/60 methanol/water. IFT

measurements for the PCE/methanol/water system by Imhoff and his coworkers (Imhoff et

al., 1995) demonstrated a significant decrease with increasing methanol/water fraction
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(Figure 3-6B). Compare the glass bead packing with the sandy soil packing (Figure 3-4 and

3-5), the front side of the elution profile appears similar in shape. On the back side of the

curve, however, the PCE elution from the soil column shows more tailing, and seems rate

limited (The flow interruption enhanced the effluent concentration). Since the sandy soil

contains organic matter, sorption of PCE on soil organic matter may slow the flushing

process. Over all, the residual PCE in glass bead column was removed more efficiently than

that in soil column.

Cosolvent Flushing ofNAPL Mixture Contaminated Soil Column

Columns packed with NAPL contaminated soil from Hill AFB, UT, were flushed

with 70/30 ethanol/water or 70/10/20 ethanol/pentanol/water mixtures. Similar cosolvent

mixtures were used in the in situ solvent flushing study at the Hill AFB field site (Rao et al,

1997). The lab column data provided useful information for designing the field test. The

effluent concentration and mass recovery of the target NAPL components are plotted versus

the cumulative pore volumes of cosolvent mixture flushed through the column (Figure 3-7

to 3-9)(Appendix B. Figure B-l to B-9). The mass recovery was calculated based on the total

mass of each target components, which was estimated by methylene chloride extraction and

GC-FID analysis (Table 3-2). The mass recovery estimated for p&m-xylenes and 1,2 4-

trimethylbenzene resulted in more than 100 % removal (Figure B-l and B-5). This may due

to the difficulty in chromatographic interpretation for analysis of these components from the

complex NAPL mixture. Accumulation of small error from each effluent sample analysis

may yield larger difference in comparing with methylene chloride extraction data (total

mass).
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Figure 3-7. Comparison of ethanol/water and ethanol/pentanol/water flushing

on effieunt concentration and fraction of mass recovery for 1,2-

chlorobenzene on NAPL contaminated soil from Hill AFB, UT.



gure 3-8. Comparison of ethanol/water and ethanol/pentanol/water flushing

on effleunt concentration and fraction of mass recovery for Decane

on NAPL contaminated soil from Hill AFB, UT.
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Figure 3-9. Comparison of ethanol/water and ethanol/pentanol/water flushing

on effleunt concentration and fraction of mass recovery for

n-tridecane on NAPL contaminated soil from Hill AFB, UT.
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Table 3-2. Compiled mass of target components for NAPL contaminated soil

Compound

*Mass (ug /g soil)

pre-flushing " post-col 1
* post- col 2

p-, m-Xylenes 5.414 0.071 0.012

o-Xylene 3.318 0.111 0.042

1 ,3,5-Trimethylbenzene 5.774 0.083 0.000

Decane 34.119 0.353 0.179

1 ,2,4-Trimethylbenzene 26.667 0.259 0.000

1 ,2-Dichlorobenzene 43.766 0.581 0.305

Undecane 163.270 8.110 0.597

Dodecane 60.635 16.267 1.121

1 ,2,4-Trichlorobenzene 14.851 1.389 1.210

Naphthalene 11.995 2.783 0.111

Tridecane 45.998 24.124 1.882

*methylene chloride extraction.

" Column be flushed with 17 pore volumes 70/30 ethanol/water mixed solvent;

* Column be flushed with 15 pore volumes 70/10/20 ethanol/pentanol/water
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For NAPL components with high aqueous solubility (1,2-dichlorobenzene (DCB)),

the maximum concentrations in both solvent mixtures (ethanol/water or ethanol/pentanol-

/water) were not different (Figure 3-7); within about 8 pore volumes, flushed, about 95% of

the DCB mass was removed by both ethanol/water flushing and ethanol/pentanol/water

flushing. The mean arrival times, determined from the normalized first moments (u,) (Table

3-3), were 3.02 and 2.24 pore volumes for ethanol/water flushing and

ethanol/pentanol/water flushing, respectively, Thus, the difference in u, for both cases is

less than a pore volume. For NAPL components with low solubility (e.g., decane),

ethanol/water flushing with several pore volumes may required for substantial mass recovery.

With the addition of a small amount of a high-molecular weight alcohol (pentanol), decane

was much more efficiently removed compared with flushing just ethanol/water mixture

(Figure 3-8). The normalized first moment (p.,) for ethanol-water flushing was much greater

than that for flushing with ethanol/pentanol/water (6.1 vs 2.7). Cosolvent flushing of other

target components also showed similar patterns of more efficient removal with the ternary

solvent mixtures (see first moments listed in Table 3-3).

The column data indicate that the Hill AFB NAPL does not completely dissolve in

pure methanol or ethanol. Only the higher-molecular-weight alcohols were capable of

achieving full miscibility with the NAPL. Pentanol is one of the alcohols that is capable of

forming a single-phase mixture with the Hill NAPL (Falta et al., 1 996). Addition ofpentanol

to ethanol/water mixture significantly increased solubility of several hydrophobic

components in the NAPL. For example, the solubility of undecane is 3000 mg/L in a binary

mixture (70% ethanol), but increase three-fold to 9500 mg/L in a ternary mixture (60%
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Table 3-3. Estimated mean arrival time (u, ) for target components with cosolvent

flushing

Compound

*Mean arrival time (u, ) (pv)

70/30

ethanol/water

70/10/20

ethanol/pentanol/water

p-, w-Xylenes 4.487 2.349

o-Xylene 4.168 2.877

1 ,3,5-Trimethylbenzene 4.758 2.317

Decane 6.076 2.681

1 ,2,4-Trimethylbenzene 5.925 2.806

1 ,2-Dichlorobenzene 3.056 2.237

Undecane 7.119 2.922

1 ,2,4-Trichlorobenzene 6.103 3.538

Naphthalene 6.773 3.213

Tridecane 9.385 3.714

*Estimated using first normalized moment.

a. Column be flushed with 70/30 ethanol/water mixed solvent;

b. Column be flushed with 70/10/20 ethanol/pentanol/water



93

ethanol, 10% pentanol), and increase almost an order-of-magnitude, 23000 mg/L, in 70/10/20

ethanol/pentanol/water mixture (Chapter 2).

In Figure 3-10, measured BTCs for plotted DCB and undecane are plotted versus

cumulative pore volumes of effluent. A chromatographic type of separation of DCB and

undecane in ethanol/water system (Figure 3-1 OA) indicated the selective removal of DCB

by ethanol/water. The mean arrival times (normalized first moment) for DCB and undecane

in this system were 3.07 and 7.12, respectively. For ethanol/pentanol/water flushing DCB

and undecane eluted almost together (Figure 3-1 0B) and both had higher effluent

concentrations compared to that in ethanol/water system, and their mean arrival times were

different by only less one pore volume (2.24 for DCB, and 2.92 for undecane).

Methylene chloride extraction of soils from columns subjected to cosolvent flushing

showed that about 54.13 and 5.46 ug/g of target component mass remained after cosolvent

flushing with binary and ternary solvent mixtures (Table 3-2). The average NAPL removal

effectiveness was 86.98 % and 98.6%, respectively, for ethanol/water and ethanol/pentanol-

/water flushing. The mass recovery calculated from the moment analysis of the elution

profiles yielded an average effectiveness of 84.5% and 91.4% for ethanol/water and

ethanol/pentanol/water, respectively (Table 3-4). Data summarized in Table 3-4 show that

less than 50% of the tridecane was flushed out by ethanol/water mixture. Similar or lower

mass removal may be possible for other longer chain or higher molecular weight alkanes.

The addition of pentanol in a ethanol/water system has effectively removed tridecane, the

recovery of increased to as high as to 95.7 %.
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Table 3-4. Target components mass recovery by cosolvent flushing for OU-1 NAPL
contaminated soil

Compound
Effectiveness

soil extraction zero"
1 moment

"Col 1 *Col2 Col 1 Col 2

p-Xylene 0.987 0.997 1.160 1.291

o-Xylene 0.966 0.981 0.890 0.994

1 ,3,5-Trimethylbenzene 0.986 1.000 0.899 0.754

Decane 0.990 0.995 0.669 0.869

1 ,2,4-Trimefhylbenzene 0.990 1.000 1.187 1.322

1 ,2-Dichlorobenzene 0.987 1.000 0.958 0.984

Undecane 0.950 0.995 0.886 0.994

Dodecane 0.821 0.987 0.507 0.689

1 ,2,4-Trichlorobenzene 0.906 0.939 1.308 1.025

Naphthalene 0.768 0.996 0.435 0.489

Tridecane 0.476 0.957 0.587 0.860

Average recovery 0.893 0.986 0.845 0.914

Partitioning Tracers

0.478 0.672

". Column flushed with 17 pore volumes of 70/30 ethanol/water mixed solvent;
b Column flushed with 15 pore volumes of 70/10/20 ethanol/pentanol/water.
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Partitioning tracer tests were also used to estimate the residual NAPL saturation in

the columns. Both pre- and post-flushing tracer tests were run on two NAPL contaminated

soil columns (for ethanol/water and ethanol/pentanol flush). Similar values of the NAPL

residual saturations (SA ), 0.067, were measured for both columns (Figure 3-2). Post-flushing

partitioning tracer results indicated that substantial residual NAPL mass still remained in

both columns (Figure 3-1 1), with the SN values of 0.035 and 0.023 for ethanol/water and

ethanol/pentanol/water, respectively. Therefore, the NAPL mass recovery estimated from

pre- and post-flushing partitioning tracer tests, were 47% and 67% for ethanol/water and

ethanol/pentanol/water, respectively. There is a significant difference in the NAPL mass

recovery between the two methods (estimated from partitioning tracers and calculated by soil

component extractions) (Table 3-4), which indicated that the target components may only

represent a subset of the constituents in the NAPL contaminated soil, remaining part of the

NAPL constituents may be high in molecular weight or more strongly associated with soil

particles. On the other hand, the partitioning tracer technique, based on several assumptions

(stated early in the Chapter), may need to be carefully evaluated. In the next Chapter,

partitioning tracer behavior is further evaluated and discussed.

The removal of contaminants by cosolvent flushing is much more effective with

addition of small amount of higher molecular weight alcohol, which should make the

cosolvent flushing technique more attractive.

Numerical Modeling of Cosolvent Enhanced Dissolution

The simulation model developed by Augustijn et al. (1994) for cosolvent-enhanced
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desorption of contaminants was adapted (Jawitz, 1997) to simulate cosolvent-enhanced

dissolution of NAPLs. This one-dimensional flow model is based on the bicontinuum

approach, where desorption is assumed to occur instantaneously only at a fraction of

sorption sites, and is described by a first-order mass transfer model at all other sites. For the

work presented here, this bicontinuum approach was also assumed appropriate for NAPL

dissolution. Thus, a fraction of the NAPL is dissolved instantaneously, while dissolution of

the remaining NAPL is subject to a first-order mass-transfer constraint. In this section,

selected experimental data and model simulations are compared to demonstrate the

applicability of the model. The dissolution data from single NAPL (PCE) and complex

NAPL mixture presented in the earlier sections were fitted with the model predictions. For

complex NAPL mixture, four different components, o-xylene, decane, 1,2,4-

trimethylbenzene and 1 ,2-dichlorobenzene were considered to be representative of the

behavior of other NAPL constituents of concern. The parameters which were used in the

model were estimated as follows:

Peclet Number ( Pe) The hydrodynamic characteristics of the NAPL-contaminated

soil columns were determined by estimating the Peclet numbers from the breakthrough

curves of the non-reactive tracer from the partitioning tracer test (Figure 3-2 ).

Retardation factor (R) For transport problems, equilibrium sorption is commonly

expressed in terms of a retardation factor:

R = \ (3-9)
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where 0 is the volumetric water content (ml/cm3

), and pB is the dry bulk density (g/cm
3
). The

initial mass of contaminant i, M, (g/cm3

), present in the system is given by :

M
i

= 6C + pB 5, (3-10)

where C, (g/ml) is the aqueous concentration of the contaminant, and S (g/g) is the

concentration in NAPL (modeled as sorbed phase). If the mass in the NAPL phase is

linearly related to the mass in solution, then combining Equations 3-9 and 3-10 gives the

equivalent retardation factor:

M
R

,
= 7577 (3-H)

Thus, an equivalent retardation factor can be determined from knowledge of the mass of

NAPL constituent i present in the system and the constituent's aqueous concentration. For

a multi-component NAPL, the equilibrium aqueous concentration of an individual

component is defined by Raoult's law:

C
,
= X

,

S, (3-12)

where S, is the aqueous solubility of contaminant i and X , is the mole fraction of i in the

NAPL. Assuming the mole fraction to be approximately equal to the mass fraction and small

NAPL saturations and no air, and combining Equations 3-10, 3-1 1 and 3-12, the equivalent

retardation factor can be written as :
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SN f>N
R =

" T (3-13)
S, 10

6

i

Fraction of instantaneous sites (F) The parameter describing sorption

nonequilibrium F, generally is unaffected up to 20% cosolvent over a range of different

chemicals and then decreases with increasing cosolvent fraction (Brusseau et al., 1991).

Augustijn et al.( 1994) proposed the following relationship for cosolvent fractions above

20%:

pm = pw _ (F» - 0.01) ^ _ Q 2) Q 2 ^ $ | (3 _ 14)
U.o

where the superscripts w and m refer to the values of F in water and in the cosolvent mixture

respectively, andfc is the cosolvent fraction. Equation 3-12 assumes an initial constant F,

and a linear decrease beyond a cosolvent fraction of 0.2 to an arbitrary value of 0.01 for the

neat organic solvent. However, the compilation of F values for different chemicals and soils

(Augustijn, 1993) showed no apparent relationship between F and the equilibrium sorption

coefficient normalized to the organic carbon fraction (Koc ).

Damkohler number fa) ^ The Damkohler number is a measure of the mass transfer

limitations, and is given by:

CO
k L

(3-15)
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where k is the first-order mass-transfer rate coefficient (hf
1

), L is the flow path length (cm),

and v is the fluid velocity (cm/hr). Value of k for given constituents can be estimated from

the equilibrium sorption coefficient for organic carbon, Koc Using data for various soil types

from Brusseau and Rao (1989) along with more recently compiled data, Augustijn et

al.(1994) developed the following log-log, inverse relationship between k and Koc :

log k = 3.53 - 0.971og K
oc (3-16)

When the "aging effects" on the mass transfer rates are incorporated process, Augustijn

(1993) established the following relationship by using additional data:

log k = 1.74 - 0.69 log Koc (3-17)

Rate constants calculated from Equation 3-17 will be approximately one order magnitude

lower than those calculated from Equation 3-16. However, the effects of "aging" and

different types of NAPL contamination on mass transfer rates are not well understood.

Augustijn (1993) hypothesized that due to the effects of aging (e.g., NAPL degradation,

oxidation, and polymerization), mass-transfer rates would gradually change from extremely

slow rates in freshly contaminated soils, back to an end-point mass-transfer behavior similar

to that uncontaminated soils. The log Koc
- log K„w relationship presented in Figure 2-17 for

four different type soils suggested that the Hill AFB field site NAPL contaminated soil

behavior more similar to the original NAPL than to the uncontaminated soils. The physical

appearance of the contaminated soil studied by Augustijn (1993) exhibited the effects of

aging to a great degree than did the NAPL contaminated soil in this study.
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Cosolvency power (o

)

The solubility enhancement through cosolvent effects in well

established by the Equation 2-4. The cosolvent effects on the retardation factor is modeled

by (Nkedi-Kizza et al., 1987):

log (Rm
- 1) = log (Rw

- 1) - aPo/
c (3-18)

for a ternary cosolvent mixture, the solubility enhancement can be modeled by the following

equation:

log {Rm - 1) = log (Rw
- 1) - (a, p, a, fcl + a

2 P2
o
2 fj (3-19)

where the subscripts /' refer to the cosolvents. For the simulations presented here, the

NAPL/cosolvent and water/cosolvent interaction correction factors, a and P respectively,

were both assumed to be equal to 1. Equation 3-17 then can be simplified as:

log (Rm
- 1) = log (Rw

- 1) - a* (fcl
+ fc2 ) (3-20)

where a* is a weighted average cosolvency power:

°1 fcl
+ °2 fc2

o = — (3-21)

fcl
+ fc2

Brusseau et al. (1991) presented data which indicated that the first-order mass-transfer rate

coefficient increased in a log-linear fashion with increasing cosolvent fraction. Using this

relationship, and the log-log inverse linear relationship between k and K
06.,

Augustijn et

al.(1994) presented a relationship between Damkohler number and cosolvent effects which
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has been modified for a ternary solvent mixture as above:

log o)M
- log ww + a a* (fcl + fc2 ) (3-22)

where a is the slope of log k versus log Koc relationship. Thus, it is evident from Equation

20 and 22 that as the cosolvent effect increased (through increasing o and /or fc ), dissolution

or desorption is increased, and mass-transfer limitations are decreased.

Numerical Modeling Results

The dissolution data from single NAPL (PCE) and complex NAPL mixture (Hill

AFB) discussed above were fitted with the model predictions. For complex NAPL mixture,

four different components, o-xylene, decane, 1 ,2,4-trimethylbenzene and 1,2-

dichlorobenzene were considered to be representative of the behavior of all the NAPL

constituents of concern. The model parameters used to predict the dissolution behavior of

PCE in different methanol fraction with glass bead and sand packing are listed in Table 3-5,

Model parameters which were used for four representative components with both

ethanol/water and ethanol/pentanol/water flushing are summarized in Table 3-6.

Single component NAPL dissolution In Figure 3-12 the model simulations for PCE

dissolution with methanol (fraction of 0.4 and 0.7) are compared with the experimental data,

for both flushing solution. Different sigma o values were used to best fit the data. As

indicated from the batch solubility study (Figure 3-6), log solubility ofPCE versus methanol,

may be best described by two different regression lines, which result in two estimations of

slope ( o ) values. The model prediction appears to yield excess mass on the early profile,
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Table 3-5. Parameters used to model dissolution of tetrachloroethylene (PCE).

Parameter

Contaminated Glass Bead Column Soil Column

40/60 MeOH/H20 70/30 MeOH/H20 70/30 MeOH/H20

Column

v (cm/hr) 14.90 14.52 14.52

L (cm) 5 5 5

e 0.41 0.42 0.42

Pe 42 42 35

Dissolution

1215 1072 1107

Fw 0.05 0.05 0.05

0.05 0.05 0.015

o 2.37° 2.88* 2.88

0.4 0.7 0.7

a 0.69 0.69 0.69

a PCE o value for methanol fraction equal or less 0.4,
h PCE o value for methanol

fraction higher than 0.4 (see Figure 3-6)
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Table 3-6 Parameters used to model dissolution of target components.

Parameter

Value

o-xylene Decane 1,2,4-TMB 1,2-DCB

with 70/30 ethanol/water flushing

358 124511 4609 668

K 0.05 0.05 0.05 0.05

0.006 0.0002 0.002 0.05

0 3.85 6.45 4.52 4.23

fc 0.7 0.70 0.7 0.7

a 0.69 0.69 0.69 0.69

with 70/10/20 ethanol/pentanol/water flushing

0* 4.18 6.75 4.70 4.19

0.8 0.8 0.8 0.8

a 0.69 0.69 0.69 0.69

*o values for 70/10/20 ethnaol/pentanol/water flushing are weighted average

cosolvency power
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Figure 3-12. Experimental data (symbols) and independent model predictions (lines)

for PCE dissolution from glass bead columns at two different cosolvent

fractions: (A) 40/60 methanol/water; (B) 70/30 methanol/water
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especially for 70/30 methanol/water flushing. However, the extra mass from free PCE which

further dissolved with addition ofpure methanol (shown as open circle ) (Figure 3-12B) may

make up the mass in the profile from experimental data. Other than this part of the elution

profile, the data match well for the model prediction (Figure 3-12), however, longer tailing

than the actual elution data. This may be due to the fact that at low elute concentration,

slower mass recovery rate; also at such low level, the concentration may not be accurately

measured by GC analytical procedures employed. Furthermore, the model was designed to

simulate elution profiles from solvent flushing for contaminated soil with presence of low

organic matter content. The model predicted elution profile for PCE contaminated soil

(Figure 3-13) appears to be a relatively better fit with the data on the late elution profile.

Extra mass on the early profile were due to the effluent containing free PCE. The different

d)w values for predicting of soil packing and glass bead packing may be due to the variation

in the NAPL trapping or discontinuous nature of the thin film in these two different porous

media, and also presence of small amount of soil organic carbon may decease the mass-

transfer rate ofPCE dissolution.

Dissolution from multicomponent NAPL mixture Simulated elution profiles for o-

xylene, decane, 1 ,2,4-trimethylbenzene and 1 ,2-dichlorobenzene along with experimental

data for flushing with two solvent mixtures are presented in Figure 3-14 through 3-17,

respectively. The model predictions appear to fit the data well (shown in Table 3-6). For two

fitted parameters, Fw and G)H„ fixed the F„ value was used for all the components since it is

assumed as a constant according to equation 3-14. Variable ww values were used to fit the

BTCs for different components, but the same value were able to fit the data for different
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Figure 3-14. Experimental data (symbols) and independent model predictions (lines)

for o-xylene dissolution from NAPL contaminated soil with binary and

ternary cosolvent systems.
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Figure 3-15. Experimental data (symbols) and independent model predictions (lines)

for decane dissolution from NAPL contaminated soil with binary and

ternary cosolvent systems.
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Figure 3-16. Experimental data (symbols) and independent model predictions (lines)

for 1,2,4-trimethylbenzene dissolution from NAPL contaminated soil

with binary and ternary cosolvent systems.
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Figure 3-17. Experimental data (symbols) and independent model predictions (lines)

for 1 ,2-dichlorobenzene dissolution from NAPL contaminated soil with

binary and ternary cosolvent systems.
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cosolvent mixtures (ethanol/water, ethanol/pentanol/water) for the same component. The

wM values ranged from 0.05 for 1,2 DCB to 0.0002 for decane (Table 3-6), which indicated

that the mass-transfer rate decreases with the increase in the molecule size, since the 0)w is

directly related to the mass-transfer rate coefficient (equation 3-15) for the same media at

fixed flow velocity. NAPL dissolution is an interfacial phenomenon, and the rate is directly

proportional to the contact area between the solution and NAPL phase (Augustijn, 1993). For

multi-component NAPLs, the constituents first have to diffuse through the organic phase

toward the NAPL-water interface under influence of a concentration gradient before

dissolution can take place; this process could become the rate limiting step. Therefore, larger

molecules with lower diffusing coefficients are characterized by a slower dissolution mass-

transfer rate.

Comparison of mass-transfer rate between NAPL dissolution and desorption

The G)„ values used in this NAPL dissolution simulation are about one order of

magnitude lower than those used by Augustijn (1993) based on the same a value (0.69). The

mass-transfer rate coefficient, k, values for the NAPL dissolution were estimated using

equation 3-15, and log k values for the four representative components from NAPL mixture

are plotted against their log K
(JC
(Figure 3-18) along with the data from Augustijn (1993) for

desorption from three types of tar-contaminated soils. As show in Figure 3-18, data for all

four components lie on the line of the 95% confidences interval along with the "aged" tar-

contaminated soil. This may suggest that dissolution of contaminants from the Hill AFB

NAPL contaminated soil may have a similar behavior as those from aged tar-
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Figure 3-18. Comparison of the mass-transfer rates found for Hill AFB NAPL
Contaminated soils (star mark) with the rate coefficients reported

for other contaminated soils.
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contaminated soils; the dissolution and desorption mechanisms in both cases are similar.

Rate limitations for multi-component NAPL diffusion through the organic phase, suggest

that the dissolution process is mechanistically very close to desorption and sorption model

could be used to describe the phase partitioning of solutes between the immobile NAPL

phase and water (Augustijn, 1993).

Conclusions

1 . Cosolvent mixtures such as ethanol/water and ethanol/pentanol/water increase the

solubility of contaminants, and decease partitioning and sorption on the

contaminated source. These are favorable for remediation. Several experiments have

showed that cosolvents are very effective additives for removing organic

contaminant from complex NAPL contaminated soils;

2. The removal of contaminants by cosolvent flushing is much more effective with

addition of a small amount of a higher molecular weight alcohol. The average NAPL

removal effectiveness was 98.6% for 70/10/20 ethanol/pentanol/water flushing, and

86.98% for ethanol/water flushing for NAPL contaminated soil columns;

3. The contaminants dissolution from NAPLs by cosolvent flushing can be predicted

by numerical model based on the bicontinuum approach. The model simulated

effluent profiles for several components agree very well with the column

experimental effluent profiles;

4. Dissolution from NAPLs is a rate limited process, For dissolution from multi-
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component NAPL and NAPL contaminated soil, diffusion through the organic phase

could be the primary rate limiting step. The rate limitations for dissolution from the

multi-component Hill AFB NAPL contaminated soil may be described as similar

process as those from aged tar-contaminated soils;

Removal effectiveness estimated from partitioning tracer method was not comparable

with the removal effectiveness estimated from soil extractions. This may due to

either that only limited range of components were selected to evaluated mass

recovery on the component basis, or that the partitioning trace method used for

residual NAPL saturation estimation may need to be examined, especially, on some

of the assumptions which the method based on, such as the linear trace partitioning

between NAPL/water phase and negligibly small change in partitioning coefficient

for pre- and post-flushing soils. These assumptions were evaluated in next Chapter.



CHAPTER 4

TRACER PARTITIONING IN NAPL-WATER SYSTEMS

Introduction

In recent years, remediation techniques have been improved and new technique have

been developed to more effectively remove organic contaminates from residual NAPL in

source area of contaminated sites. Examples include in-situ flushing with cosolvents or

surfactants or combination of cosolvents and surfactants (NRC, 1994, 1997). For efficient

site clean up , it is essential that the NAPL source zone be properly characterized, including

the delineation of NAPL source zones, and an estimation of the volume and spatial

distribution ofNAPL within these zones. The partitioning tracers method, introduced by Jin

et al.(1995) and tested by Annable et al. (1995, 1997a) in field studies, provides an attractive

alternative to the traditional intrusive technique of soil coring and analysis. The partitioning

inter-well tracers tests (PITT) permit non-destructive sampling of a much larger volume of

the aquifer, and yield more reliable estimation ofNAPL saturation (Jin et al., 1995; Annable

etal., 1997a).

Partitioning tracers are chemicals that have tendency to selectively partition into

NAPLs. At equilibrium, the distribution of the tracer between NAPL and water phases is

characterized by the "partition coefficient" (K^,), which is the ratio of tracer concentrations

in NAPL (CN) and aqueous phases (CJ, respectively. When several tracers with different

117
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Kw are injected into a column or an aquifer with residual NAPL, and displaced, the non-

partitioning tracers move at the velocity of the water, while the partitioning tracers lag

behind. The chromatographic separation of the nonpartitioning and partitioning tracer pulses

depends on the fraction of the time the tracer spends in the NAPL phase compared to that in

water, Thus, the retardations of tracers is directly influenced by the NAPL saturation (SN )

and the equilibrium partition coefficient (Kw ). By selecting tracers that partition into the

NAPL phase which have known or measured Kw, the NAPL volume (V^) or residual

saturation in (S v) the source zone can be quantified (Jin et al., 1995).

The theoretical basis for the use of partitioning tracers has been described in detail

by Jin et al. (1995) and field tested by Annable et al. (1995, 1997a). For partitioning tracers

to be used to quantify NAPL saturation, the following assumptions are made:

1 ) Linear, partitioning occurs between the aqueous and the NAPL phases: K^,= CN /Cw

; where C is the tracer concentration, with the subscripts n and w denoting the NAPL

and water phases, respectively. The partition coefficient (KNW) for each tracer is

assumed to be independent of the tracer concentration;

2) Tracer retardation is solely due to partition into NAPL phase; background sorption

by all other phases (e.g., mineral surfaces) is negligibly small; and

3) Alteration of NAPL composition does not measurably impact the Km value.

Aqueous concentrations of the partitioning tracers applied in lab and field tracer tests

(Pope et al, 1995 ; Annable et al, 1997) are usually less than 1 % mole fraction. Munz and

Roberts (1986) indicated that in the chemical engineering field, liquid-phase mole fraction

concentrations x, < 10"2 (~ 1 wt% ) are typically considered to be dilute. For such systems,
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the multi-phase phase equilibrium can be represented by Henry's law and the distribution

of partitioning tracers between NAPL and water can be described by a linear isotherm. As

the mole fraction of the tracer increases from zero, its activity coefficient decreases, which

indicates that the partitioning is likely to be a nonlinear process at higher tracer

concentrations (Wise, 1997). The application of the partitioning tracers in laboratory 1-D

column or 2-D box experiments and field tests usually involves either frontal or pulse

displacement technique (Annable et al., 1995). Though tracer concentrations used in these

tests are normally less than 80% of aqueous solubility limit, tracer concentration in the

NAPL (most likely in the area close to the inlet) may reach higher than 0.1 mole fraction.

The partitioning tracer test has been used to evaluate the effectiveness of cosolvent

or surfactant remediation of NAPL contaminated soil columns (Table 3-4) and field test

cells (Annable et al., 1997a, Jawitz et al., 1997). The estimated NAPL recoveries have been

compared with that from target NAPL component recovery by extracting pre-, and post-

remediated soils. However, there are two major concerns that have caught the attention of

researchers. First, the partitioning tracer estimation indicates higher residual NAPL

saturation than that based on an analysis of soil cores (Jawitz et al., 1997); Second, the

impact of these remediated soils may have on the environment and the application of other

techniques such as partitioning tracer and interfacial tracer tests. In this chapter following

aspects of partitioning tracers will be discussed:

First, partitioning of tracers between NAPL and water under equilibrium conditions

was examined to evaluate: (i) cooperative partitioning in the presence of a co-tracer; (ii)

tracer partitioning non-ideality; (iii)tracer partitioning non-linearity; and (iv) the use of the
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semi-empirical, thermodynamic model UNIFAC to predict the tracer activity coefficients.

Predicted partitioning isotherms were compared to experimental data to validate the

UNIFAC model.

Second, the partitioning tracers adsorption by contaminated and remediated soils was

investigated using: (i)soils with different types and levels of contamination (i.e., Hill AFB

NAPL , coal tar); and (ii) tar-contaminated soils with different mineralogy.

Finally, the post-remediation soils were examine based on: (i) the effect on the

partitioning tracer behavior (using alcohol tracers, an aromatic tracer (benzene) and an ionic

organic tracer); and (ii) the surface morphology, and the compositional and mineralogical

characters of soils.

Materials and Methods

Partitioning tracers in the NAPL/water systems

One of the objectives of the tracer studies was to examine the partitioning behavior

not only in a low aqueous concentration region, but also to extend the method for

concentration of the tracers at higher mole fraction in the NAPL.

The partitioning tracers used in the study were: methanol: 2,2-dimethyl-3-pentanol;

n-hexanol; and 6-methyl-2-heptanol. All of these tracers were obtained from Aldrich

Chemical Company, with a purity of 99+%. A synthetic, multi-component NAPL was

prepared by mixing reagent-grade ^-xylene, o-xylene, n-nonane, n-decane, n-undecane, n-

dodecane, n-tridecane, 1 ,2-dichlorobenzene, l,3,5-trimethylbenzene,l,2,4-trichlorobenzene,
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n-hexadecane and water in known proportions. This NAPL mixture, and n-decane as the

single-component NANPL, were used in the tracer partitioning experiments, n-octanol and

eicosane (C20H42 ) were also added as polar or non-polar co-tracers to the NAPL mixture.

A sample of the field NAPL from Hill AFB OU-1 cell was also used to compare with the

synthetic NAPL mixture whose composition was based on the field NAPL. Field NAPL

consists ofjet-fuel and degreasing solvent mixture and contains all the previously mentioned

components which have been identified and at least 100 or more other unidentified

components.

For measuring NAPL/water partitioning at concentrations below tracer's aqueous

solubility, saturated tracer solutions (both single or mixtures of 4 tracers) were made in

HPLC water. Then 1, 5, 10 and 20 ml of saturated tracer solution were transferred to 50 ml

volumetric flasks, and diluted 50, 10, 5 and 2.5 times, respectively. Exact amounts of

(0.25xx g) decane or NAPL mixture were weighed into 5-ml HPLC vials; then 4.5 ml each

level of concentration of the tracer solution were added to the vials with the NAPL and

without NAPL (used as C0 solution), and capped immediately with Tefol-lined screw-top

caps to avoid volatile losses. All measurements were triplicated. These solution were then

equilibrated on a rotator for 24 hours at room temperature (23 ± 2 °C). After equilibration,

the vials were centrifuged at 3000 rpm for 25 minutes (Dupont, Sorvall RT6000 Centrifuge).

The supernatant aliquots were removed and placed in 2 ml GC vials with minimal head

space, and the samples were immediately analyzed by GC-FID. The amount of tracers in

the NAPL was determined by the difference between the initial and equilibrium tracer

concentrations in the aqueous phase.
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Partitioning tracer isotherm measured, as described above, can be extended only to

less than 0.1 mole fraction of tracer in NAPL phase, since the tracers have limited solubility

in aqueous phase. To achieve tracer mole fraction in NAPL higher than 0. 1 , two different

methods were used.

Sequential addition of 80% saturated tracer aqueous solution 4.5 ml of 80%

saturated tracer solution were added to the known weight of a 5 ml HPLC vial (at least

triplicated) with 0.25xx g ofdecane or NAPL in the vial. The vials were capped immediately

with Teflon-lined caps and rotated on the rotator for 12 to 24 hours. After equilibration, the

solution was centrifuged at 3000 rpm for 25 minutes (Dupont, Sorvall RT6000 Centrifuge).

The supernatant aliquots were removed, and placed in 2 ml GC vial for analysis. The vials

with decane or NAPL and remaining tracer solution were weighed, and the remaining mass

and volume of the tracer solution were added into the mass and volume of the second

addition of the tracer solution. The original tracer solutions were carried on with each

sequence as Co

.

Tracers with NAPL at known mole fraction. Various amounts of tracer and decane

or lab synthetic multi-component NAPL were weighed and mixed together so that the initial

mole fraction of the tracer ranged from 0. 1 to 0.9. And, 0.25xx g of the NAPL mixture were

added into 5 ml vials containing 4.5 ml HPLC water and capped immediately with Teflon

lined caps, then rotated on the rotator for 12 to 24 hours. After equilibration the solution was

centrifuged at 3000 rpm for 25 minutes (Dupont, Sorvall RT6000 Centrifuge). The

supernatant samples were placed in 2 ml GC vial for analysis. All the points were

triplicated.
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Analysis of tracer solution

Supernatant tracer solutions were directly injected in the GC-FID system with a 30

m long , 0.53 id, and 1 um film of DB-624 capillare column. Other GC condition were:

injection temperature at 150 °C, FID detector temperature at 220 °C, oven temperature

program: 50 °C held for 2 minutes and ramped to 220 °C at 10 °C/min; and Helium as the

carrier gas, set at a pressure 40 kpsi. Each set of samples run included five standards of

known concentration at beginning. One or two standards were also analyzed intermittently

during the run.

Data Analysis

The amount of tracers partitioning into the NAPL phase at different tracer

concentrations (S0 , in ug tracer/g ofNAPL) was calculated as follows:

(C - C)V
1V1N

where C is the concentration of the tracer, subscripts o and e donate initial and equilibrium

concentrations, respectively; V is the volume of tracer solution; and is the mass of

NAPL.

For experiments where the sequential addition of the tracer solution was applied, the

initial tracer concentration was modified as:

0,1,

t

(4-2)
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where V
r

C eM and V r ,_, are the tracer mass and volume remaining from the previous

equilibrium solution, and (V , C 0 ,
) and V , is the mass and volume of the tracer at /'* addition.

Each equilibrium stage, / ,Se
was computed as:

S
e,U = S

e,i
+ S

e,i-l (4-3)

where S
e

is the amount of tracer in the NAPL from the previous equilibrium solution, and

(S
e ,) is the amount of tracer partition in the NAPL at f

b
equilibrium.

The tracer partitioning between NAPL/water was estimated based on tracer mass

balance as:

Sem = S
o(M)

~ C
e
V (4-4)

where S (M)
is amount of tracer in ug, subscripts e, o for the tracer at equilibrium and initially

S xl0" 6 x MWN . PI
S

e
(mole/mole) = -5 ^ (4-5)MWTtracer

mixed with NAPL, respectively; and Ce
is the concentration of the tracer in the aqueous

solution at equilibrium.

Mole-based partition data were generated by normalizing the tracer concentration

in the NAPL with molecular weight of tracer and NAPL as:

where MW is molecular weight. The equilibrium concentration of the tracer was also
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normalized with the solubility of the tracer, so the data could be directly compared with

UNIFAC simulation results.

Tracer partitioning in contaminated and remediated soils

To investigate the partitioning behavior of tracers in remediated soils, experiments

were conducted with four types of contaminated soils: 1) NAPL contaminated soils (Pre-,

and post- surfactant flushing ) from test cell on OU-1 site, Hill AFS, UT; 2) Coal tar

contaminated soils with low levels of total PAHs (340 mg/Kg soil ), simple mineral

background (generally quartz); 3) coal tar contaminated soil with medium levels of total

PAHs and complex mineral background; and 4) heavily contaminated coal tar soil with total

PAHs as high as 1 8,000 mg/Kg. Four alcohols methanol, 2,2-dimethyl-3-pentanol (DMP),

n-hexanol, and 6-methyl-2-heptanol (6M2Hep) and, an aromatic organic compound,

benzene, were used in the column partitioning tracer tests to quantify the residual NAPL

atruations for pre-, and post-flushed soils. Potassium bromide (Br
' ), pentafluorobenzoic acid

(PFBA ), and labeled
3H

20 were also used in the column experiment as non reactive tracers.

Methanol was used to remove the contaminants from coal tar contaminated soils.

Alcohol partitioning tracers for pre-, and post- surfactant flushing soil columns

Both contaminated soil and post surfactant flushing soils taken from the OU-1 test cell were

sieved and carefully packed into stainless-steel columns (length: 7.4 cm; inner diameter: 1 .0

cm). After the column was completely saturated, a miscible-displacement experiment was

performed with four alcohol tracers and KBr mixture. Methanol and Br were used as non-

reactive tracers, while the three alcohols (DMP, hexanol and 6M2hep) were used as
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partitioning tracers to quantify the residual NAPL saturation and to evaluate the partitioning

behavior. A pulse of the tracer mixture was pumped through the columns using a Gilson

piston pump. Water was then pumped through. The column effluent samples were collected

and analyzed as soon as possible using a GC-FID (the same GC method as described early

in the Chapter) for measuring the concentration of alcohol tracers. Bromide (Br-)

concentrations were analyzed by HPLC (UV at 205, Dionex IONPAC AS4A-SC ion

exchange column, 1 .2 mM of Sodium Borate as a solvent at flow rate 2 ml/min).

Waterloo coal tar contaminated soil column For the Waterloo soil column

experiment, only the middle section of the column (7.4 cm x 1 .0 cm stainless steel ) was

packed with the soil. Clean builders sand (heated in a muffle-furnaced at 550 OC for 24

hours) was packed in both ends the of the column. The column was saturated with water;

then alcohol tracer tests were conducted as described previously. After the tracer test, the

column was flushed with about 200 pore volumes of 90/10 methanol/water solution until the

yellow color effluent became clear. Methanol was displaced by extensive flushing with

water. Then, another tracer test (the same as the pre-flushing tracer test) was conducted.

Coal tar contaminated UT soil columns The coal tar contaminated soils (UT 586,

UT690) were packed in stainless steel columns (7.4 cm x 1.0 cm), after the column was

completely saturated with 0.01 N CaCL
2
water, A 1.0-ml stainless steel sample loop was

installed between pump and the column, so that, instead of injecting large pulses of organic

solution, a small volume was injected to limit radioactive waste and minimize the sample

volatilization. One ml, approximately half of the pulse of 3H20, was injected as a non-

reactive tracer to determine the pore volume and Peclet number of the columns. Column
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effluent was collected in scintillation vials with known volume of ScintiVerse II and
3H

2
0

concentration was measured with the scintillation counter (Delta 300, 6890 Liquid

Scintillation System, Searle Analytic Inc.). Following the
3H20 test, PFBA was also injected

as a non-reactive tracer to compare with the
3H

20 test. The hydrodynamic dispersion

characteristics of the packed columns were determined by
3H

2
0 and PFBA breakthrough

curves. Then, the column was equilibrated with 30/70 methanol/water (v/v) by pumping

at a flow rate of 0.2 ml/min.
14C labeled benzene methanol was injected through the loop

into the packed column.
14C benzene in 30% methanol was used as a partitioning tracer in

this case, because the background of contaminants from the coal tar soil strongly interfered

with the
12C benzene detection during the analysis. The l4C benzene tracer test in 30/70

methanol/water system was also done to minimize the volatilization of benzene and decrease

the experimental running time. The effluent sample and initial C0 sample were directly

collected into scintillation vials with the known weight of ScintiVerse II cocktail and

immediately analyzed on the scintillation counter. A breakthrough curve (BTC) was

generated from these analysis results.

After running the
14C benzene BTC experiment in triplicate, the packed column was

washed extensively by pumping 1 to 2 liters of 100 % methanol with flow interruptions

each for a different duration. Then, the column was re-equilibrated with water; and the

3H
20, PFBA and benzene in 30/70 methanol/water were repeated on the "remediated" soil

columns. In this case,
12C benzene with frontal input was used for benzene partitioning test.

The partitioning behavior of benzene was also examined using the range of the initial

benzene concentration (C 0) for both pre- and post- methanol flushing tar soils in this study.
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Soil particle analysis

The treated soil UT690 (after methanol wash) was further treated with particle-size

fractionation method. The sandy fraction was obviously very heterogeneous, and was further

separated. By use of a small hand magnet, the sandy fraction of the samples was separated

into nonmagnetic and relatively magnetic fractions; the latter portion comprising about 5 %

of the sandy fraction. The nonmagnetic part consisted of four types of distinct particles. They

appear to be: quartz, white-bone like pieces; red-brick like pieces; and black-coal like pieces.

Clay size fraction and silt fraction powder were mounted on the XRD ceramic-tile and glass

slide, respectively, for X-ray diffraction (XRD) analysis to identify the mineral composition.

Quartz was visually identified in the sandy fraction. The other sorted particles were ground.

And mounted on the quartz plate for XRD analysis.

Surface morphology and composition of the soils

The surface morphology and composition of contaminated soils and the soil after

treatments were examined by use of Optical Microscopy and SEM-EDXA. This was

especially done for sorted black pieces from the UT690 coal tar soil.
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Results and Discussion

Analysis of tracer isotherms

Linear partition isotherm At very low initial concentration (<0.1 aqueous solubility),

linear partition behavior was observed for all three tracers (DMP, hexanol and 6-methyl-2-

heptanol) in decane/water and Hill NAPL/ water systems (Figure 4-1 and 4-2 ). The tracer

mole fraction in the NAPL is plotted against the relative aqueous concentration (C
e
/C

s),

which is calculated as the ratio of equilibrium aqueous concentration (C
e
)divided by the

aqueous solubility (C
s ) of the tracer. The linear relationship was expected based on Henry's

law. At such low concentrations the aqueous phase concentration of the tracer represents the

activity (i.e., unit activity coefficient). It is in this low concentration range (Q, /Cs ) that most

of tracer partition coefficients (Km) have been measured in lab batch equilibrium studies and

applied in lab column and field partitioning tracer tests (Annable et al., 1995, 1997a).

Nonlinear partitioning isotherm Figure 4-3 shows the phase partitioning behavior

of 2,2-DMP in decane/water and field NAPL-water systems over an extended range of

concentrations (0< Ce /C,<1). As the concentration of DMP increases C
e /Cs >0.4), the

isotherms starts to show nonlinear trends for both NAPLs. This nonlinear behavior is

especially evident at tracer relative aqueous concentration C
e /C, < 0.6. In this high

concentration range (mole fraction in NAPL> 0.7), the partitioning isotherms become more

ideal, approaching the Raoult's law prediction line. The non-ideal behavior ofDMP can be

easily seen (Figure 4-3) by comparing the data with Raoult's law line. It is customary to

assume the Raoult's law, activity coefficient
, y,,

- 1 as x , - 1, such that the pure liquid
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Ce/Cs

Figure 4-3. Non-linear isotherm ofDMP partitioning from water into decane (A)

and DMP NAPL/water partitioning (Hill NAPL and sythetic NAPL (B)

open triangle: DMP partition from aqueous solution to NAPL;
solid triangle: DMP direct added into NAPL
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becomes the reference state. The activity coefficient then characterizes the non-ideality of

the tracer in solution. The UNIFAC model can be used to predict the liquid phase activity

coefficient.

Two sets of data are presented in Figure 4-3 for DMP partitioning in decane /water

system. One isotherm is based on sequential addition of the nearly saturated DMP aqueous

solution; the second isotherm is from initial mixing of known mole fraction of DMP with

decane, then equilibrating with water. Several data points overlapped; thus, showing good

agreement between the two experimental methods. These two methods achieved similarly

higher mole fraction of tracers in NAPL. The sequential addition of aqueous DMP solutions

achieved high mole fraction of DMP in the decane; suggesting that the pulse or frontal

displacement technique used for input tracers solution during partitioning tracer tests likely

resulted in higher mole fraction tracer in NAPL.

Effect of other solutes

Influence of co-tracers at low concentration Low levels of cooperative behavior in

tracer partitioning is demonstrated for the multi-tracer batch experiment with all three tracers

on Hill NAPL (Figure 4-4). The regressions for the linear part of the isotherms resulted in

consistently higher partition coefficient (K^) values in the cases where co-tracers were

present. A comparison of Km values from single- and multi-tracers tests is presented in

Table 4-1
.
The enhancement of partitioning between the NAPL/aqueous phase in the multi-

tracer system increases as the tracer concentration increases,and the cooperative partitioning

is more significant for the higher molecular weight tracers. This cooperative behavior in the
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Table 4-1
. Comparison of tracers NAPL/water partition coefficient (K^ ) measured in

single-and multi-tracer aqueous

Partition Coefficient, KN (ml/g)

Alcohol Tracer

Single R2 Mixed* R2

2,2-dimethyl-3-pentanol 11.7 0.989 14.3 0.994

n-hexanol 3.6 0.997 5.4 0.993

6-methyl-2-hepatanol 36.5 0.990 41.8 0.968

* mixture offour tracers (methanol, 2,2-dimethyl-3-pentanol, n-hexanol and 6-methyl-

2-hepatanol).
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multi-tracer system should be considered when batch-measured Km values are applied in

quantifying NAPL content in the column and field partitioning tracer test. In order to obtain

reasonable levels of retardation factor (R) values to estimate residual NAPL saturation (S^),

multi-tracers with a range of solubilities is commonly used in partitioning tracer tests.

However, the degree of the enhancement in a dynamic flow system (column and field test)

may not be similar to that measured in the batch equilibrium conditions, due to the

chromatographic separation of the tracers in these flow systems. The tracer with a lower

partition coefficient may move faster, and as a result, at some distance from the injection

point, that tracer may experience less effect of the enhanced partitioning.

Influence of co-tracers at high concentration Presence of significant amount of

another tracer in the system will change the composition of the original NAPL. As a result,

it may impact tracer partitioning behavior. An extreme case of co-tracer is demonstrated in

Figure 4-5 with octanol concentration as high as 30% in the synthetic NAPL mix. Since

octanol is chemically and structurally similar to the tracer of interest, the tracer partitioning

behavior becomes more ideal, and more linear, and will be much higher than that for octanol.

The tracer partitioning isotherm with 30% octanol in the NAPL is very close to Raoult's law

prediction (Figure 4-5). The impact of co-tracer on tracer partitioning behavior is an

important factor that should be considered when tracer tests are used for estimation ofNAPL

residual saturation. This is especially true for those tests where cosolvent is used in

remediation. If the residual alcohol solvent on/in NAPL is not extensively washed out by

water, the partition coefficient of the tracers could be significant changed due to the presence

of the residual alcohol.
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Figure 4-5. Partition isotherm of 2,2-dimethyl-3-pentanol in NAPL/water systems

with 30 % of octanol present in the NAPL. Data for three NAPLs are

shown: (1) Hill AFB NAPL; (2) Synthetic NAPLmixture; and (3)

synthetic NAPL plus n-octanol.
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Another important observation in Figure 4-5 is the deviation between the partition

isotherm for the synthetic NAPL and the Hill NAPL. This deviation is not surprising since

the synthetic NAPL only includes 15 identified components with several different functional

groups; while the field NAPL is a very complex mixture with hundreds of unidentified

components, and has been through years of the "aging" process. The tracer partitioning in the

field NAPL mixture demonstrated an even stronger non-ideal behavior.

Influence of non-polar components on the isotherm. The partitioning behavior of the

tracer should become more non-ideal due to increased fraction of components which are less

polar and less similar in structure. Partitioning of DMP between synthetic NAPL and water

with the presence of 0.05 mole fraction of a higher molecular weight alkane (Eicosane, C20
H

42

) is shown in Figure 4-6B. As is the case for Hill NAPL after remediation, the tracer

partitioning isotherm demonstrates greater deviation from the ideal line (Raoult's law

prediction)

Prediction of the non-linear behavior

The UNIFAC model, originally proposed by Prausnitz et al. (1980), using group-

interaction parameters is capable of predicting activity coefficients with reasonable accuracy.

In this model, a mixture of different chemicals is treated as a mixture of functional groups

constituting the components in the mixture. The interactions between the functional groups

in the mixture, and the likely nonidealities resulting from such interactions, are calculated in

order to estimate the activity coefficient of a chemical for a specified phase. The interaction

parameters required in the UNIFAC model have been continuously reviewed and
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Figure 4-6. UNIFAC model simulation for 2,2-dimethyl-3-pentanol partitioning in

NAPL/water systems with (A) octanol or (B) eicosane presented in NAPL
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updated since the model was first introduced (Skjold et al., 1979; Magnussen et al., 1981;

Gmehling et al., 1982; Alameida-Macedo et al., 1983; Hansen et al., 1991; Chen, 1992). By

using this method, the activity coefficient, which characterizes the nonideality and

nonlinearality of compound in the liquid solution, can be predicted.

The activity coefficient for DMP partitioning in decane-water or synthetic NAPL was

predicted by the UNIFAC model. The synthetic NAPL mixture was made up with eleven

target components and water in such a way that the mole fraction of each component was very

close to that found in the field NAPL. Hexadecane was used to make up rest of the NAPL.

To properly use UNIFAC, the functional subgroups for each compound are identified with

types and quantities at a specific temperature and mole fraction (Chen, 1992). Then, the

UNIFAC output data files provide the activity coefficient of tracers and NAPL or NAPL

components. The activity of the partitioning racer in the aqueous and NAPL phases was

calculated simply by multiplying the activity coefficient by the corresponding mole fraction.

The UNIFAC output data for all four cases ofDMP partitioning are complied in Table

4-2 to 4-4. Results of the UNIFAC simulation along with the batch equilibrium partitioning

data are shown in Figure 4-6. Excellent agreement between the experiment data and the

UNIFAC-predicted results confirms the nonlinear behavior of the partition tracers and

suggests nonlinearility may be predicted by the UNIFAC group- contribution method.

However, more studies are needed to confirm this non-linear behaior in the column and field

Partitioning tracer tests to more accurately estimate residual NAPL content.
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Table 4-2. UNIFAC simulation output for 2,2-dimethyl-3-pentanol partitioning in

decane/water system

Mole Fraction Activity coefficient Activity

2,2-DMP Decane 2,2-DMP Decane 2,2-DMP Decane

0.0 1.0 11.803 1.000 0.000 1.000

0.1 0.9 4.723 1.044 0.472 0.940

0.2 0.8 2.816 1.142 0.563 0.913

0.3 0.7 2.012 1.275 0.604 0.893

0.4 0.6 1.594 1.445 0.637 0.867

0.5 0.5 1.349 1.655 0.674 0.828

0.6 0.4 1.197 1.915 0.718 0.766

0.7 0.3 1.100 2.236 0.770 0.671

0.8 0.2 1.042 2.636 0.833 0.527

0.9 0.1 1.010 3.138 0.909 0.314

1.0 0.0 1.000 3.773 1.000 0.000



Table 4-3. UNIFAC simulation output for 2,2-dimethyl-3-pentanol partitioning in

synthetic NAPL/water system with or without presence of octanol

Mole Fraction

2,2-DMP Octanol NAPL
Activity coefficient Activity

0.0 0.0 1.0 6.627 0.000

0.1 0.0 0.9 3.715 0.372

0.2 0.0 0.8 2.514 0.503

0.3 0.0 0.7 1.903 0.571

0.4 0.0 0.6 1.550 0.620

0.5 0.0 0.5 1.332 0.666

0.6 0.0 0.4 1.190 0.714

0.7 0.0 0.3 1.099 0.769

0.8 0.0 0.2 1.041 0.833

0.9 0.0 0.1 1.010 0.909

1.0 0.0 0.0 1.000 1.000

0.0 0.3 0.7 1.948 0.000

0.1 0.3 0.6 1.585 0.159

.2 0.3 0.5 1.358 0.272

0.3 0.3 0.4 1.211 0.363

0.4 0.3 0.3 1.124 0.445

0.5 0.3 0.2 1.052 0.526

0.6 0.3 0.1 1.016 0.609

0.7 0.3 0.0 1.001 0.700
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Table 4-4. UNIFAC simulation output for 2,2-dimethyl-3-pentanol partitioning in

synthetic NAPL/water system with or without presence of eicosane (QoH^)

Mole Fraction

Activity coefficient Activity
2,2-DMP Eicosane NAPL

0.0 0.0 1.0 6.627 0.000

0.1 0.0 0.9 3.715 0.372

0.2 0.0 0.8 2.514 0.503

0 3 0 0 0 7 1.903 0.571

0.4 0.0 0.6 1.550 0 620

0.5 0.0 0.5 1.332 0.666

0.6 0.0 0.4 1.190 0.714

0.7 0.0 0.3 1.099 0.769

0.8 0.0 0.2 1.041 0.833

0.9 0.0 0.1 1.010 0.909

1.0 0.0 0.0 1.000 1.000

0.0 0.3 0.7 1.948 0.000

0.1 0.3 0.6 1.585 0.159

0.2 0.3 0.5 1.358 0.272

0.3 0.3 0.4 1.211 0.363

0.4 0.3 0.3 1.124 0.445

0.5 0.3 0.2 1.052 0.526

0.6 0.3 0.1 1.016 0.609

0.7 0.3 0.0 1.001 0.700
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Impacts of non-linearity of partition isotherms

The cooperative partitioning in the presence of co-tracers, and the tracer non-linear

partition isotherms at high mole fraction in the aqueous solution or in the NAPL found in this

study suggest that several factors should be considered when applying practicing partitioning

tracer technique in estimating the residual NAPL content. Firstly, the batch equilibrium

measurement of the partition coefficient, Km , should be conducted with the same

combination of the tracers for column or field test, so that the cooperative affect may be

minimized; Secondly, the non-linear partition behavior, which likely appears in the high

aqueous concentration or high mole fraction of tracer in the NAPL, should be avoided by

using low concentrations of the tracer and smaller pulse injection.

The initial and maximum concentrations of the partitioning tracers in two series of

tests with the NAPL contaminated soil are listed in Table 4-5. These tests were described in

Chapter 3, and the field tracer tests conducted at Hill AFB, UT were discussed by Jawitz et

al. (1997). The ratio of maximum concentration of effluent to the aqueous solubility of the

DMP was on the linear region of the isotherm (Figure 4-5) for most multi-level of sampling

locations. Only at multi-level sample locations close to the injection (well 31 and 32) were

the tracer concentrations large enough to be in the non-linear isotherm region, especially for

the post-flushing partitioning tracer test. For partitioning tracer test in the columns, higher

range of non-linear region was also found for the post-flushing tracer test. The tracer non-

linear partitioning behavior may have resulted in an over estimation of NAPL residual

saturation (SN) in those cases. The partition coefficients used to estimate SN were obtained

from the linear region (low concentration ) of partition, which would give lower value than

that of the non-linear case (at the higher concentration region).
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Table 4-5. Maximum effluent concentration of partitioning tracers and their relative

aqueous concentration from selected sampling locations in a field test cell

(Hill AFB) and lab columns

° Location

Effluent maximum
concentration

* Relative aqueous

concentration (Cmax /Cs)

2,2-DMP 6m2heptanol 2,2-DMP 6m2heptanol

Field Pre-

SPME

31 red 483 129 0.079 0.087

32 red 325 117 0.053 0.079

33 red 147 44 0.024 0.030

34 red 74 18 0.012 0.012

53 red 210 70 0.034 0.047

Field Post-

SPMF

31 red 864 450 0.142 0.304(n)
c

32 red 671 274 0.110 0.185(n)

33 red 307 135 0.050 0.091

34 red 255 105 0.042 0.071

53 red 253 93 0.041 0.063

Column

Pre-flushing

Col 1 430 122 0.070 0.082

Col 2 451 162 0.074 0.110

Column

Post-flushing

Col 1 525 203 0.086 0.137(n)

Col 2 693 284 0.114 0.192(n)

" From field cell multilevel sample well, at depth of 21 to 25 feet, number 31 is the

closest sampling location to the injection well and 53 at the extraction well.
b Aqueous solubility of tracers (Cs) are: 6100 and 1480 mg/L for 2,2-dimethyl-3-

pentanol and 6-methyl-2-heptanol, respectively.
e may be in the non-linear region.
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Tracer sorption by contaminated soils

Alcohol tracers sorption by NAPL contaminated soils Figure 4-7 presents the BTCs

for the alcohol tracers tests in columns packed with soils collected from the Hill AFB test cell

before and after SPME flushing. The retardation of partitioning tracers in columns with

SPME-flushed soil is significantly decreased since the residual NAPL has been

microemulsified and diplaced during SPME flushing. The residual saturation (S v ) values

calculated from these BTC data were 0.067 and 0.012 (average of three tracers) for pre- and

post- flushing soil columns, respectively. The post-SPME soil was then re-contaminated by

mixing a known amount of Hill NAPL. If the NAPL/water partitioning coefficient for pre-

and post-SPME were assumed the same. The estimated residual NAPL saturation for this

case was 0.0368 (Figure 4-7), which is slightly smaller than the expected SN
= 0.0428. The

figures were calculated by summation of residual saturation from post-SPME and addition of

the NAPL volumes (Table 4-6). The smaller residual saturation estimated by partitioning

tracer test indicated that the part of residual NAPL or organic components, which partitioning

with tracers from post-SPME soil may be covered by newly added NAPL and may not be

accessible to the traces in this case. The remaining part of the organic phase (either soil

organic matter or residual NAPL, which can not be removed by SPME, or the NAPL strongly

associated with soil organic matter ) may or may not have contributed to the partitioning of

alcohol tracers, depending on whether they were exposed to the tracers or coated by NAPL

not seen by the tracers.

However, the NAPL/water partition coefficients for post-SPME (Kw,^ ) and for re-

contaminated NAPL(KW, moJl ) were different from that of pre-SPME (Kw, pre) based on
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Figure 4-7. Alcohol tracer partitioning in lab columns packed with (A) pre-,

(B) post-SPME flushing and (C) recontaminted NAPL
contaminated soils from Hill AFB, UT
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Table 4-6. The residual saturation NAPL (SN) for pre-, post-flushing and recontaminated

soil in lab column experiments

Tracers

Tracer Retardation (R) NAPL-residual Saturation (SN)

Pre-

SPME
Post-

SPME
Re-

contaminated

Pre-

SPME
Post-

SPME
Re-

contaminated

2,2-DMP 1.743 1.074 1.353 0.0649 0.0081 0.0314

Hexanol 1.247 1.053 1.138 0.0656 0.0176 0.0376

6-methyl-

2-heptanol

3.500 1.319 2.404 0.0710 0.0114 0.0413

Average 0.0672 0.012 0.0368

* NAPL/water partitioning coefficient KN for 2,2-dimethyl-3-pentanol, hexanol and
6-methyl-2-heptanol are 10.7, 3.52 and 32.7, respectively.

*Expected residual saturation for re-contaminated soil was 0.0428.

Re-contaminated soil was made by adding 0.0572 g ofNAPL mixed with post-SPME
soil packed in the column. Expected residual NAPL saturation calculated by sum of
the part NAPL added in and residual saturation from post-SPME :

eNSN ~ SNa + S
Nr ~

Q + Q
+ S

Nr
N w

where is the part of residual saturation contributed by addition of the NAPL
and SNr is the residual saturation from the post-SPME soil. NAPL density assumed
to be 0.9 g/ml. And 0W is 2.00 ml/cm3.
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the calculation from tracer retardations for post-SPME and for re-contaminated soil column,

and as well as the pre-SPME NAPL/water partition coefficients for three partitioning tracers.

For post-SPME NAPL soil, the retardation factor can be expressed as:

1
^N.post

when the NAPL with a known K^, pre , was added to post-SPME soil (ASN ), then the

retardation factor for the tracer became:

^ = 1 +
^NW

- modi ^N,Post
+

N,post

i - 1 +
ivrr,moai » i\,posi is

'

P°St + ^ ~
(1 " tfw +

(4"7)

and Based on Equation 2-3, we can propose a model for Kw, modl as:

^ .
S
N,post

+ ^S
l\^ = ^N,post

+

NW,modi „ ,„ „ „ (4-8)
^NW,post'°N,post ^NW^pre'^^N

from equation 4-6 to 4-8, three unknowns (K^, posl ,
KNIV, mod„ and SN, posl ) can be estimated

based on measured post-SPME tracer retardation, Rpos„ re-contaminated retardation, Rposl+ASN,

and measured pre-SPME NAPL/water partition coefficient, Kw, pre (Table 4-7).

The interfacial tracer test (Saripalli et al., 1996; Annable et al., 1997b) was conducted

in lab columns packed with soil collected before and after SPME-flushing. The test resulted

in similar NAPL/water interfacial area for both pre- and post- flushing soils (Figure 4-8). The

NAPL-water interfacial area in both columns is essentially identical (-2500cmW ),
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Table 4-7. Calculated NAPL/water partition coefficient for post-SPME soil (KNW, posl) re-

contaminated soil (Kw, mod^}, and residual NAPL saturation for post-SPME

soil (S^, post).

Tracers c
LJ

A'' post K-AW post K-AW> modi K-AW> pre

2,2-DMP 0.015 4.79 7.64 10.70

Hexanol 0.034 1.53 2.11 3.52

6-methyl-2-

heptanol

0.009 35.13 35.21 32.07



Figure 4-8. Breakthrough curves for Br and interfacial tracer (SDBS) on lab

packed with pre- and post -SPME flushing soils.
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even though the residual content was different by a factor of 6 (SN -6.7% and - 1.2%). These

results suggest that removal of the NAPL only changed the thickness of the NAPL coatings.

Assuming a uniform film, a 5-fold decrease in film thickness was achieved.

Pre- and post-cosolvent flushing (in column experiments, Chapter 3) partitioning

tracer test data show that about 47% and 67% NAPL was removed by ethanol/water and

ethanol/pentanol/water flushing. However, near-complete recovery (>95%) of all the target

components was evident from pre- and post- flushing soil extractions. Similarly, for the field

SPME test (Jawitz et al., 1 997), less NAPL mass recovery was found from partitioning tracers

estimation than based on recovery of NAPL components. Both estimation technique have

their limitations. The Hill NAPL is a very complex mixture, consisting of hundreds of the

extractable components. The recovery of target components may represent recovery of the

components of interest. To accurately estimate the NAPL mass removal, other NAPL

components, which were not identified in this study, should be considered. On the other hand,

the partitioning tracer method is based on several assumptions (composition does not change

through remediation process; the partitioning with soil organic matter is minimal, etc.,) which

may not be applicable in many cases. Cosolvent flushing of the NAPL contaminated soil

(Table 3-4) resulted in significant mass recovery, especially the xylenes and dichlorobenzene,

(about 99% and 98%, respectively). For 70/30 ethanol/water flushing, however, only 48 %

recovery on n-tridecane was achieved.

The Hill NAPL has been characterized as an oil equivalent to undecane to dodecane.

If significant amounts of lower molecular weight and less hydrophobic components are

removed, the remaining oil may become more hydrophobic and higher in molecular weight,
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which on average, may be assumed to be like hexadecane. Experiments on tracer partitioning

with several alkanes with different chain lengths (Figure 4-9) in this study showed that the

alcohol partition coefficients (KNW in ml/g) decreases with an increase in the alkane carbon

number (Figure 4-10). Meyers et al (1997) extracted the Hill NAPLseveral times with 67%

tert-butanol and 33% mixture, and then measured the alcohol partition coefficients. By

comparing Km values with untreated NAPL, they found a decrease in the K^. The decrease

in was about 30% for hexanol, KNW = 3.12 for the untreated NAPL, 2.24 for the treated

NAPL. For 6-methyl-2-heptanol, the decreased by -60%; Kw = 29 for untreated NAPL,

8 for the cosolvent treated NAPL. Meyers et al attributed this behavior to the cosolvent

removing those most alcohol-like NAPL constituents; resulting in a NAPL with less alcohol-

like components.

Benzene and PFBA on UT 586 Benzene BTCs for both methanol-washed and

unwashed UT 586 coal tar contaminated soils are shown in Figure 4-1 1 A, The retardation

factor for washed soil was reduced as expected, since methanol had extensively washed away

most of the PAHs and other tar components. PFBA BTC data indicate resulted in a

retardation factor of 1 or close to 1 for both methanol-washed and unwashed soils (Figure 4-

1 IB). Thus, PFBA behaved as a non-reactive tracer as expected. This sorption behavior of

benzene and PFBA are generally expected.The contaminated soil from Hill AFB and UT586

coal tar contaminated soil both have simple background soil; the primary mineral was quartz.

Figure 4-12, and 4-13 show soil particles from pre- and post- washing contaminated soils for

Hill NAPL soil and UT586 coal tar soils, respectively. The difference in the NAPL coating

on the particles can be easily identified.
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Figure 4-12. Optical Microscopy pictures for Hill AFB NAPL
contaminated soil. (A) pre-cosolvent flushing; (B) post-

cosolvent flushing.



Figure 4-13. Optical Microscopy photographs for UT 586 coal tar contaminated

soil, (A) original contaminated; (B) methanol flushed; and (C)

contaminated (right) and methanol flushed (left)
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Some Special Cases of Partitioning Behavior

Increasing alcohol partitioning for methanol washed coal tar soil A total of 1 8 PAHs

with concentration as high as 18700 mg/kg was measured for the coal tar contaminated

Waterloo soil. It is a very sticky, black, oily soil. The alcohol tracer test on this contaminated

soil indicated considerable retardation for all three tracers (Figure 4-14A). The soil was then

flushed with more than 200 pore volumes of 90/10 methanol/water solution, followed by

extensive flushing with water (about 500 pore volumes) to remove the residual methanol.

However, residual methanol still remained in measurable amounts (~ 1000 mg/L) in the

aqueous phase. The alcohol partition tracer test conducted on the soil after extensive

cosolvent flushing followed by water flushing had significant increase in retardation for all

three tracers (Figure 4-14B). The increase in retardation of 2,2- DMP was as much as 6.5

times that measured prior to cosolvent flushing. This increase in partitioning for treated

contaminated soil was not expected. Waterloo soils were further investigated based on the

component concentrations in methylene chloride /methanol (50/50 v/v) extracts. Methanol

flushed the Waterloo soil resulted in considerable changes in the composition compared with

that ofthe unwashed Waterloo soil (Table 4-7). Methanol flushing selectively removed lower

molecular weight PAHs and more polar components, but left part of the coal tar components

with higher molecular weight; thus, the residual NAPL is expected to be more hydrophobic.

Results in Table 4-7 show the ratio of anthracene to naphthlene increases from 0.22 for the

contaminated soil to 0.87 and 1 .59 , respectively for the soil flushed with methanol/pentanol-

/water (70/10/20) and methanol/water (90/10). UNIFAC simulation results demonstrated that

the partition coefficient (KNiV) for 2,2-DMP
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Table 4-8. Comparison relative PAH concentration of pre- and post alcohol flushing

Waterloo contaminated soil (PAHs concentrations are relative to naphthalene)

Compound
Concentration of PAHs*

(mg/Kg of soil

)

Relative concentration**

a
pre- *post-E

cpost-EP pre- post-E post-EP

nanhthalene± I'll H ILilW 1 1 \» 2505.16 174.80 185.16 1.000 1.000 1.000

2-methvlnanhthalene 1313.77 91.84 83.84 0.524 0.526 0.53

1 -methvlnanhthaleneX IIIVUIJ 111UL/1111 1U1V11V. 827.32 40.32 25.18 0.330 0.230 0.136

acenanthvleneUvvllUU 111J Ivllv 486.02 371.59 222.80 0.194 2.124 1.204

acenanthenevllUU LI IvlIv 293.59 144.43 125.70 0.117 0.826 0.679

fluoreneX J. V i V. 1 VllV 740 06 1 1 5 60I 1 J . \j\J 99 67 0 294 0 661 U.JJO

phenanthrene 1388.52 280.26 165.43 0.554 1.602 0.894

anthracene 558.18 277.91 161.66 0.223 1.588 0.873

fluoranthene 1323.14 293.06 130.39 0.528 1.675 0.704

pyrene 1715.67 431.19 154.07 0.685 2.464 0.832

chrysene 770.30 293.55 131.69 0.307 1.678 0.711

1 ,2-benzantahracene 730.89 239.82 107.00 0.291 1.371 0.0.578

benz(b)fluoranthrace

ne

534.88 196.37 115.52 0.213 1.123 0.624

benz(k)fluoranthrace

ne

964.19 311.34 116.97 0.385 1.778 0.632

benzo(a)pyrene 465.45 282.60 128.18 0.186 1.615 0.692

Total PAHs 14617 3545 3022

" Original contaminated Waterloo soil;
h
Waterloo soil flushed with methanol/water (90/1

0

v/v) for more than 200 column pore volumes; ^Waterloo soil flushed with

methanol/pentanol/water (70/10/20 v/v/v) for more than 200 pore volumes
*soil extracted with Methylene chloride /Methanol (50/50 V/V) at 1/8 soil to solvent ratio
** concentration ofPAH divided by concentration of naphthalene



162

partitioning into PAHs actually decreased with an increase of the number of rings on PAHs

(Figure 4-15). This is consistent with the findings for alcohol partitioning into alkanes. With

increased NAPL hydrophobicity, the alcohol tracer partition coefficient decreased; therefore,

selective removal of the low molecular weight PAHs, may not be the reason for increase in

tracer retardation.

The coal tar is composed of several hundred or more organic compounds, including

water-insoluble comounds, like high molecular weight hydrocarbons and asphaltenes, and

relatively more soluble aromatics (e.g., xylenes ) and PAH compounds, such as naphthalene

, methylnaphthalene, etc. Luthy et al.(1993) found that a semirigid, skin-like film developed

at a coal tar-water interface over a period of 3 days. Interfacial films have been reported for

crude oil-water systems, in which film formation is generally attributed to the presence of

large and complex molecules in the organic phase (Nelson et al., 1996). A review of the

petroleum literature suggested that interfacial film formation may occur in the case of

complex multi-component NAPLs composed of high molecular weight organic compounds.

For the heavily contaminated Waterloo coal tar soil, the original coal tar-water interface had

prolonged exposure to water. That interface may have developed the similar skim-like film

as the one described above; limiting coal tar components transport from the inner film to

water, also limiting other components, such as alcohol tracers, to access the component inside

the coating. Methanol wash dissolved and removed the film; unmasking the relatively fresh

coal tar inside the film.

Furthermore, methanol flushing washed away the tar and exposed inner coal tar

particles which may increase the coal tar-water interfacial area. As a result, the alcohol
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Figure 4-15. UNIFAC model simulation for 2,2-dimethyl-3-pentanol partitioning

into PAH compounds
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partition in this washed coal tar soil may have increased. The interfacial area measurements

were attempted on both pre and post flushing soils with interfacial tracer method (IFT). The

pre-flushing IFT indicates retardation of SDBS (sodium dodecylbenzene sulfonate ).

However, for post-methanol flushing soil, the SDBS was so strongly retarded and the

concentration of the SDBS tracer pulse so spread out that SDBS concentration could be

detected in the effluent when using the same analytical method as that used for the pre-

flushing analysis. Thus, these date indicat that a significant amount of coal tar /water

interfacial area was presented. Sufficient amount of methanol partitioning into the coal tar

phase altered the coal tar composition, and with presence of methanol in the coal tar, the

partition coefficient and partitioning behavior of the alcohol tracers may have significantly

changed as indicated early in the chapter. Therefore, the exposure of inner surface, which was

originally coated by thick coal tar oil, increased reactive interface; and the presencet of

methanol in coal tar phase may have contributed to the increasing in the retardation of the

alcohol tracers for post methanol flushing Waterloo soil.

Change in sorption behavior. Benzene (as a reactive tracer) BTCs for UT690 coal tar

soil initially indicated in retardation factor of4.13 and 4.62 for C0 concentrations of 800 mg/L

and 80 mg/L, respectively, for
l4C benzene in 30/70 methanol/water in column experiment

(Figure 4-16). Significant nonlinear sorption behavior was not observed for benzene sorption

in this concentration range. The BTCs for tritium and PFBA, both normally used as non-

reactive tracers, showed no retardation on the original UT690 coal tar soil (Figure 4-17).

However, when the soil was extensively flushed with 500 pore volumes of methanol, the

effluent color changed from yellowish brown to clear, and no detectable amounts of

naphthalene were found in methanol effluent.
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Figure 4-16. Benzene sorption BTC for original UT690 coal tar contaminated soil



1

0.8

0.6

o
U
0

0.4

0.2

UT690 Coal Tar Soil

3H20 BTC

Pre-

Post-

0

Pore Volumes

1.2

0.8

y o.6

u

0.4

0.2

0

UT 690 Coal Tar Soil

pre^ & post-methanol flusETng

PFBA BTCT

CI post, R=2.30

C2 post, R=2.27

CI pre, R=1.08

C2pre. R=1.05

0 2 3
Pore Volumes

Figure 4-17. Tritium (A) and PFBA (B) retention in pre- and post-methanol

washed UT690 coal tar contaminated soil columns (Cl= column 1

;

C2- column 2).



167

Figure 4-18 shows particles ofUT 690 coal tar soil. For post-flushing soil, 4 different

type of particles can be easily separated by their colors: red, white crystal like, white bone

like, and black particles. These black particles were separated by a small hand magnet as

anonmagnetic and relatively magnetic fractions. X-ray diffraction and Scanning Electron

Microscopy - Energy Dispersive X-ray (SEM-EDX) analysis identified these particles as

follows: 1) the red color particles were mainly quartz, with Si and C as the dominant elements

and high amount of Al and O and the presence of Ca and Fe (Figure 4-19), which possibly

indicates Al-oxide and Ca-AL-oxide; 2) the white-bone like particles showed a quartz-like

pattern from XRD analysis (Figure 4-20); 3) the magnetic fraction of the black particles was

identified as an iron oxide (Fe
3 04) (Figure 4-21); 4) the black non-magnetic particles

appeared the result ofhigh temperature treatment and depressions, porous on the surface could

be observed on the electron-microscopy (Figure 4-22). The XRD showed no specific pattern,

indicating that it may not be crystal-like material, and SEM-EDXA identified carbon as the

primary element, with the presence of some Al, Ca, Fe, O (Figure 4-23). These carbon-like

particles were not only very porous on the surface, but inside the pores were heterogeneous

(Figure 4-24). Methanol washed away the coal-tar coatings on the soil particles and

unmasked such complex mineral and organic sorption surface. This resulted in a significant

change in sorption behavior of the nonreactive and partitioning tracers. Thus, benzene

retardation increased from 4.67 to 7.43 in 30/70 methanol/water solution with initial

concentrations (C0) 2900 to 44 mg/L. Benzene sorption in this methanol flushed coal tar soil

appeared to depend on the initial benzene concentration in the solution; increasing retardation

was found with decreasing C0 concentration (Figure 4-25). The



Figure 4-18. Optical Microscopy picture for sandy fraction ofUT 690

coal tar contaminated soil, post-methanol flushing and after

ultra-sonication
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Figure 4-19. Optical Microscopy photograph (A) and X-ray Diffraction pattern

(B) of sorted red pieces ofUT 690 coal tar soil
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Figure 4-20. Optical Microscopy photograph (A) and X-ray Diffraction pattern

(B) of sorted white pieces ofUT 690 coal tar soil
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Figure 4-2 1 . Optical Microscopy picture (A) and X-ray Diffraction pattern

(B) and EDX (C ) of sorted magnetic pieces ofUT 690 tar



Figure 4-22. Optical Microscopy photograph (A) and X-ray Diffraction pattern

(B) of sorted black pieces ofUT 690 coal tar soil
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Figure 4-23. Scan Electron Microscopic photograph (A) and EDX (B) of sorted black

pieces ofUT 690 coal tar soil
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Figure 4-24. Scan Electron Microscopic photograph (A and C) and EDX (B and D) ofzoomed
in a piece from sorted black pieces ofUT 690 coal tar soil
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sorption coefficient was estimated with equation:

R = 1 + — (4-9)
0

'

where R is the retardation factor calculated from the normalized first moment of benzene

BTC, 6 is the volumetric water content of the column, and p is the bulk density of the soil

in the column. Thus, Kd for different benzene C„ concentrations was calculated. The nonlinear

sorption behavior of benzene can be described by Freundlich type non-linear sorption

isotherm with a N value of 0.87 (Figure 4-25B).

In addition to the non-linear sorption behavior of benzene, PFBA was considerably

sorbed in this post methanol washed UT690 coal tar soil (Figure 4- 17B). PFBA naturally is

an organic acid, existing in dissociated form (negative charge) at neutral pH and has a pKu

value of 2.7 (Bowman et al., 1992 ). There may be two possibilities for PFBA sorption in the

soil: 1) PFBA exist in a non-ionic form due to change ofpH in the soil; and 2)exposure of the

soil mineral surface, which was originally coated by coal tar oil. Thesenewly exposed mineral

surfaces may be associated with some charge species reacting with PFBA. There should be

a significant pH change to allow the partitioning of neutral PFBA. This may not be the case

in a dynamic column experiment with all the fluid in a 0.01 N CaCl2 solution. Therefore, it

is very likely that PFBA sorption on post-flushing soil is due to the exposure of the mineral

surface. Similarly, selective removal and exposure of chemicals strongly associated with soil

minerals (inaccessible beneath coal tar coatings), as well as these black carbon particles, may

cause increasing benzene sorption and sorption non-linearity. Due to the limited quantity of
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the contaminated soil, characterization and further analysis of the separated particles could

not be conducted to verify the exact cause for the nonlinear and increased sorption of benzene

and the sorption ofPFBA on the methanol washed UT 690 coal tar contaminated soil.

Conclusions

The partitioning of alcohol tracers between NAPL and water may exhibit cooperative

behavior in the presence of the other tracers (co-tracer). This cooperative effect may increase

the partitioning coefficient (KN ) 1.5 to 5 times for the three partitioning tracers we

investigated. The partitioning of tracers was found to be non-ideal at low concentrations, and

non-linear in higher relative aqueous concentration range, and higher mole fraction in the

NAPL. This non-ideal and non-linear partitioning behavior can be minimized through the use

of structurally similar co-tracers in the batch equilibrium studies, and may be predicted using

the UNIFAC simulations. Non-linear partitioning and co-tracer effect on tracer partition

isotherm may over or under estimate on residual NAPL saturation through the partitioning

tracer method if higher initial concentration or mixed tracers are used.

Cosolvent flushing of tar-contaminated soil may dissolve the "oil" film initially

formed by long exposure to water of the coal tar-water interface, thus exposing new coal tar

coating, or unmasking the soil mineral particles. These new sorbent surfaces may have a

significant impact on the tracer partitioning behavior. An increase in the retardation of

benzene and the sorption ofan organic acid (PFBA) have been found for the methanol-washed

coal-tar soil with complex soil background. About a seven-fold increase in partition
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coefficient for alcohol tracers was found for extensively methanol-flushed contaminated

Waterloo coal tar soil. These changes in tracer partitioning behavior, as a result of cosolvent

flushing, have important implications for assessing soil cleanup based on partitioning tracer

techniques.



CHAPTER 5

SUMMARY AND CONCLUSIONS

Prediction of solubility in aqueous solutions is necessary for defining the source

loading function that controls the characteristics of the dissolved contaminant plume at

disposal sites. Aqueous solubility and the effect of cosolvent on solubility of several

hydrophobic organic contaminants were investigated and predicted using the log-linear

relationship between solubility and volume fraction cosolvent. The measured and estimated

solubility and partitioning data were then used to evaluate the behavior of the components in

NAPL mixtures. The primary conclusions based on the obtained results are:

1
. Aqueous solubility of hydrophobic solutes with large molecular weight and low

solubility can be estimated by log-linear extrapolation of their solubility measured in

cosolvent mixtures. Measued solubilities and partition coefficients for polycyclic

aromatic hydrocarbons and other alkyl- or chloro-substituted aromatic compounds

were in good agreement with values predicted using Raoult's law. Deviation from the

Raoult's law prediction were found to be more significant for long-chain alkanes

(>C10) in a complex NAPL mixture (collected from a contaminated aquifer at Hill

AFB, Utah). The possible factors to this deviation include: (1) structural similarity
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of components in a mixture; (2) solute-NAPL compatibility; and (3) effects ofNAPL

(lower molecular weight solutes) dissolved in water on solute (higher molecular

weight, more hydrophobic) aqueous solubility.

2. Addition of higher molecular weight alcohol (pentanol) into ethanol/water mixture

significantly increased the NAPL component solubility compared to the solubility

enhancement measured in ethanol-water binary mixtures. NAPL solubility enhanced

by pentanol addition to ethanol/water mixtures appears more for fraction ethanol at

lower basis (0.4) than at higher ethanol basis (0.7).

3. In the log Koc versus log K0M,

plots, the partition coefficient for contaminants in soil

can be bound at the upper end by their partition coefficients in pure coal tar (or other

complex NAPL) and on the lower end by the partition coefficients for a "clean"

uncontaminated soil.

Cosolvent mixtures such as ethanol/water and ethanol/pentanol/water increase the

solubility and decease the partitioning and sorption ofNAPL contaminants. These factors are

favorable for enhanced remediation ofNAPL sites. Results from this study (experimental data

and model simulation) have shown that cosolvents are very effective additives to solubilize

and remove organic constituents of complex NAPLs in contaminated soils or aquifers, as

indicated by following:

1. The average NAPL removal effectiveness was 98.6% for 70/10/20

ethanol/pentanol/water flushing, and; 86.98% for ethanol/water flushing for NAPL

contaminated soil columns. The removal of contaminants by cosolvent flushing was
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much more effective with addition of (10 %) higher molecular weight alcohol

(pentanol).

2. The contaminant dissolution from NAPLs by cosolvent flushing can be predicted by

the numerical model based on the bicontinuum approach. The model simulated

effluent profiles for several NAPL components agreed very well with the NAPL

constituent concentration profiles measured in column effluent during cosolvent

flushing.

3. Dissolution from NAPLs is a rate-limited process. For dissolution from multi-

component NAPL and NAPL contaminated soil, diffusion through the organic phase

could be the primary rate limiting step. The rate-limitations for dissolution from the

multi-component Hill AFB NAPL contaminated soil may be described as similar

process as those from aged tar-contaminated soils.

The partitioning tracer techniques provide an attractive tool to estimate the residual

NAPL saturation, and has been used to evaluate the effectiveness of remediation ofNAPL

contaminated soils. However, several factors were found to affect the tracer partitioning

behavior, thus, the estimation of the residual NAPL content. These factors were:

1
.

The partitioning of alcohol tracers between NAPL and water may exhibit cooperative

behavior in the presence of the other tracers (co-tracer). This cooperative effect may

increase the partitioning coefficient (KN ) 1.5 to 5 times for the three partitioning

tracers investigated.

2. The partitioning of tracers was found to be non-ideal at low concentrations, and non-
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linear in higher relative aqueous concentration range, and higher mole fraction in the

NAPL. This non-ideal and non-linear partitioning behavior can be minimized through

the use of structurally similar co-tracers in the batch equilibrium studies, and may be

predicted using the UNIFAC simulations. Non-linear partitioning and co-tracer effect

on tracer partition isotherm may have some impact on the estimation of residual

NAPL saturation through the partitioning tracer method if higher initial concentration

or mixed tracers are used.

3. Cosolvent flushing of contaminated soil may dissolve the NAPL film and expose new

NAPL coatings, or unmask the soil durface that remain coated in contaminated soils.

These mineral or organic interfaces may have a significant impact on the tracer

partitioning behavior. An increase in the retardation of benzene and the sorption of an

organic acid (PFBA) have been found for a methanol-washed coal-tar soil with

complex soil background. Alcohol tracer partition coefficients were found to increase

about 7 times increase after extensively flushing a tar-contaminated Waterloo soil.

These changes in tracer partitioning behavior as a result of cosolvent flushing have

important implications for assessing the extent of soil cleanup based on partitioning

tracer techniques.



APPENDIX A
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Figure A-l
. Relationship between log solubility of organic chemicals versus volume

fraction of ethanol in ethanol/ water solution (single NAPLs)
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Figure A-2. Solubility ofNAPL target components from Hill OU-1 cell NAPL in

ethanol/water solution (a)



Figure A-2. Solubility ofNAPL target components from Hill AFB NAPL in

ethanol/water solution (b)
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Figure A-3. Linear relationship between log solubility of target components versus

volume fraction of ethanol for NAPL contaminated soil (Hill AFB) in

ethanol/water solution(a)



188

O-wlcne
P-, m-xylene

0.2 0.3 0.4 0.5

Fraction of Ethanol, fc

0.2 0.3 0.4 0.5

Fraction of Ethanol
0.7

1.5

-2.5

naphthalene

Hill AFB Soil,

Cosolvent Cell

I

i
E -1

s

o.i 0.2 0.3 0.4 0.5

Fraction of Ethanol, fc

0.6 0.7

n-tridecane

Hill AFB Soil,

Cosolvent Cell

0.1 0.2 0.3 0.4 0.5

Fraction of Ethanol, fc

0.6
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Figure A-4. log Sm of target components versus pentanol fraction with 0.7 fc ethanol

in NAPL-ethanol/pentanol/water system
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Figure A-5. Examples of log Sm versus fraction of pentanol with 0.47 fraction of

ethanol in the NAPL contaminated soil and Ethanol/pentanol/water system
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Figure 6-A. Linear relationship between log solubility of PAHs versus volume fraction

of methanol for coal tar contaminated soils in methanol/water solution (a)
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Figure A-6. Linear relationship between log solubility of PAHs versus volume fraction

of methanol for coal tar contaminated soils in methanol/water solution (b)



Figure A-6. Linear relationship between log solubility of PAHs versus volume fraction

methanol for coal tar contaminated soils in methanol/water solution (c)
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Figure A-7. Inverse linear relationship between log partition coefficient for target

components versus volume fration of ethanol in NAPL-ethanol/water

system (a)
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Figure A-7. Inverse linear relationship between log partition coefficient for target

components versus volume fration of ethanol in NAPL-ethanol/water
system (b)
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Figure 9-A. Inverse linear relationship between log partition coefficient
,
log Km of

PAHs versus volumne fraction of methanol for coal tar contaminated soil in

methanol/water solution (a)
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Figure A-9. Inverse linear relationship between log partition coefficient, log Km of

PAHs versus volumne fraction of methanol for coal tar contaminated soil in

methanol/water solution (b)



200

0 (1.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Fraction of Methanol, fc Fraction of Methanol, fc

Figure A-9. Inverse linear relationship between log partition coefficient, log Km of

PAHs versus volumne fraction of methanol for coal tar contaminated soil in

methanol/water solution (c)



Table A- 1 . Hill AFB OU- 1 NAPL Solubility in Ethanol/Water cosolvent Mixtures
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|
Ethanol

log

(
Ce,

mg/L)

Tirdecane

1

-0.883 -0.491 -1.009 -1.036 -1.167 -0.866 -1.174 -1.398 -0.991 -1.284 -1.252 -1.268 -0.678 -0.777 -0.790 -0.225 -0.121 -0.135
0.470 0.466 0.464 1.052 1.057 1.058 1.555 1.579 1.574 1.947 1.945 1.953 2.060 2.061 2.073 2.065

Naphthale

-0.506 -1.208 -1.076 -1.041 -1.119 -1.149 -0.873 -0.857 -0.924 -0.542 -0.536 -0.539 -0.070 -0.067 -0.068
0.263 0.289 0.271 0.489 0.464 0.472 0.667 0.662 0.666 0.903 0.914 0.906 1.105 1.087 1.124 1.191 1.187 1.154

r-

1,2,4TCB

0.349
-0.483 -0.233 -0.397 -0.678 -0.842 -0.495 -0.352 -0.609 -0.192 -0.188 -0.188

0.430 0.434 0.425 0.999 0.996 1.000 1.312 1.303 1.307 1.466 1.460 1.473 1.494 1.521 1.526 1.490 1.527 1.503

SO fi Tj-
oo m mm m

oc

Dodecane

-0.750 -0.514 -0.975 -0.896 -1.041 -0.848 -0.873 -1.004 -0.839 -0.590 -0.609 -0.627 -0.026 -0.017 -0.029
0.636 0.647 0.635 1.050 1.040 1.042 1.404 1.395 1.401 1.792 1.795 1.793 2.076 2.076 2.087

2.1621

2.167 2.169 2.166

Undecane

-0.866 -0.554 -1.076 -0.955 -1.292 -0.928 -1.284 -1.347 -1.119 -0.963 -0.714 -1.000 -0.055 -0.047 -0.049
0.697 0.711 0.691 1.293 1.288 1.283 1.777 1.779 1.779 2.177 2.179 2.174 2.409 2.408 2.422 2.485 2.489 2.488 2.487

11,2

DCB

0.248 0.082 0.155 0.265 0.233 0.171 0.453 0.457 0.408 0.810 0.848 0.811 1.351 1.354 1.349 1.731 1.745 1.741 1.953 1.943 1.955 2.068 2.069 2.074 2.165 2.169 2.172 2.333 2.330 2.346 2.354 2.357 2.356 2.356

11,2,4

TMB
-0.539 -0.550 -0.396 -0.372 -0.449 -0.526 -0.235 -0.215 -0.294

0.115 0.124 0.115 0.675 0.682 0.677 1.195 1.210 1.208 1.590 1.580 1.584 1.880 1.881 1.883 2.143 2.144 2.140 2.292 2.292 2.308 2.345 2.348 2.347 2.346

1
Decane

-0.466 -0.564 -0.842 -0.873 -1.013 -0.914 -1.208 -1.284 -1.174 -1.013 -0.943 -1.268 -0.304 -0.367 -0.338
0.564 0.481 0.568 1.125 1.189 1.180 1.539 1.608 1.646 1.999 2.016 1.987 2.177 2.223 2.210

olution)

2.260 2.300 2.318 2.293

11,3,5

TMB
-1.252 -1.032 -0.860 -0.900 -1.051 -1.161 -0.928 -0.900 -1.009 -0.616 -0.618 -0.597 -0.018 -0.001 -0.016

0.532 0.588 0.547 1.007 0.950 0.952 1.389 1.335 1.298 1.552 1.532 1.562 1.714 1.626 1.699

8

NAPL

:
S

1.729 1.657 1.596 1.661

lO-xylene

-0.845 -1.187 -0.866 -0.833 -1.137 -1.237 -0.963 -0.893 -1.009 -0.740 -0.699 -0.684 -0.152 -0.117 -0.139
0.227 0.258 0.255 0.656 0.653 0.654 0.936 0.969 0.974 1.241 1.234 1.242 1.380 1.385 1.389

[Methylene

Chloride

Extraction

(1:1

1.429 1.424 1.413 1.422

|
P-xylene

OjOOOaO-OOOOainuHIOOOvOiOiO ^t'th^hSOKM 1.907 1.920 1.926 1.918

ooooooddddddddddddddddddddd

log

Cmax

|Avg.



Table A-2. Hill AFB OU-1 NAPL Partitioning in Ethanol/Water cosolvent Mixtures



|log

(Kp,ml/g)

Tirdecane

4.513 4.121 4.639 4.667 4.798 4.497 4.805 5.029 4.622 4.915 4.883 4.898 4.308 4.408 4.421 3.854 3.749 3.764 3.150 3.154 3.156 2.535 2.529 2.530 1.920 1.884 1.892 1.075 1.096 1.085

Naphthale

3.234 3.943 3.810 3.776 3.854 3.884 3.606 3.590 3.658 3.271 3.265 3.268 2.781 2.779 2.779 2.418 2.389 2.409 2.152 2.179 2.172 1.906 1.913 1.914 1.508 1.484 1.500 0.805 0.936 0.744

|1,2,4TCB

2.692 3.551 3.297 3.464 3.748 3.912 3.563 3.418 3.678 3.256 3.252 3.251 2.604 2.601 2.610 1.915 1.921 1.913 1.350 1.347 1.360 0.550 0.607 0.604 0.266

NM NM

0.257

NM

0.213

I

Dodecane

4.469 4.234 4.695 4.616 4.761 4.568 4.593 4.725 4.559 4.310 4.329 4.347 3.744 3.734 3.746 3.071 3.060 3.073 2.636 2.645 2.645 2.232 2.243 2.238 1.688 1.683 1.685 0.880 0.905 0.879

1

Undecane

4.907 4.595 5.116 4.995 5.333 4.969 5.325 5.387 5.160 5.003 4.755 5.041 4.094 4.086 4.088 3.336 3.322 3.342 2.719 2.723 2.729 2.166 2.163 2.167 1.568 1.565 1.574 0.805 0.832 0.783

11,2

DCB

3.636 3.803 3.730 3.619 3.651 3.714 3.429 3.425 3.475 3.065 3.025 3.063 2.487 2.485 2.489 2.030 2.012 2.017 1.706 1.712 1.701 1.465 1.460 1.467 1.225 1.210 1.199

NM NM NM

11,2,4

TMB 4.423 4.434 4.280 4.256 4.333 4.410 4.119 4.098 4.178 3.767 3.758 3.767 3.199 3.193 3.198 2.656 2.641 2.643 2.210 2.218 2.216 1.808 1.805 1.810 1.281 1.279 1.289 0.426 0.492 0.365

1
Decane

ojat~-OTt<tn-ott^Ovn^vcin'tif)i^o-o-t^o>0(STfifl-

1,3,5

TMB 4.566 4.346 4.174 4.214 4.365 4.476 4.242 4.214 4.323 3.929 3.931 3.910 3.326 3.308 3.323 2.756 2.696 2.740 2.225 2.290 2.290 1.676 1.768 1.833 1.341 1.392 1.311 0.532 1.107 0.768

O-xylene

3.833 4.177 3.855 3.821 4.127 4.227 3.952 3.882 3.998 3.728 3.687 3.672 3.131 3.095 3.118 2.736 2.703 2.706 2.258 2.258 2.260 1.885 1.834 1.834 1.305 1.325 1.302 0.644 0.631 0.659

P-xylene

|
Ethanol

&
oooooo'oo'ooooooooooooooooooo
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Figure B-l. Comparison of ethanol/water and ethanol/pentanol/water flushing

on effleunt concentration and fraction of mass recover for

p&m-xylenes on NAPL contaminated soil from Hill AFB, UT.
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Figure B-2. Comparison of ethanol/water and ethanol/pentanol/water flushing

on effleunt concentration and fraction of mass recovery for

o-xylene on NAPL contaminated soil from Hill AFB, UT.



Figure B-3. Comparison of ethanol/water and ethanol/pentanol/water flushing

on effleunt concentration and fraction of mass recovery for 1,3,5-

trimethylbenzene on NAPL contaminated soil from Hill AFB, UT.



Figure B-4. Comparison of ethanol/water and ethanol/pentanol/water flushing

on effieunt concentration and fraction of mass recovery for Decane
on NAPL contaminated soil from Hill AFB, UT.



lure B-5. Comparison of ethanol/water and ethanol/pentanol/water flushing

on effleunt concentration and fraction of mass recovery for 1,2,4-

trimethylbenzene on NAPL contaminated soil from Hill AFB, UT.



;ure B-6. Comparison of ethanol/water and ethanol/pentanol/water flushing

on effleunt concentration and fraction of mass recovery for 1,2-

chlorobenzene on NAPL contaminated soil from Hill AFB, UT.



Cumulative Pore Volumes

ure B-7. Comparison of ethanol/water and ethanol/pentanol/water flushing

on effieunt concentration and fraction of mass recovery for

n-undecane on NAPL contaminated soil from Hill AFB, UT.



:ure B-8. Comparison of ethanol/water and ethanol/pentanol/water flushing

on effleunt concentration and fraction of mass recovery for

naphthalene on NAPL contaminated soil from Hill AFB, UT.
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n-tridecane
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Figure B-9. Comparison of ethanol/water and ethanol/pentanol/water flushing

on effieunt concentration and fraction of mass recovery for

n-tridecane on NAPL contaminated soil from Hill AFB, UT.
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